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The project, "Content Engineering : Research on MPEG-4/7 Multimedia Technologies",
aims at develop a complete multimedia content framework which covers every phase of the
content manipulation lifecycle, including the creation, storage, search, manipulation,

management, delivery, presentation and interaction of multimedia content. The framework
will conform to the MPEG-4 and MPEG-7 standards.

Due to the great success of MPEG-1 and MPEG-2 in the A/V market, the ISO MPEG
committee continued to develop the next multimedia standard - MPEG-4. The standard has
been completely designed in December 1998. Under the trend of the integration of computer,
communication, consumer electronic, and contents, MPEG-4 targets on the following issues:
authoring and encoding of object-oriented scene, encoding of natural and synthetic media,
media streaming, uniform transmission interface in heterogeneous network environments, and
enhanced human-machine interactions. Therefore, MPEG-4 is designed to be applicable for a
wide spectrum of applications.

In addition, resulting form the great technical achievement audio-video technologies has
made digital camera, DVD player, MP3 player, dominate the consumer market. To satisfy the
customer needs, a tremendous amount of multimedia contents have been produced around
world. In this trend, we need a standard way to describe the multimedia content which can
make the access, exchange, and re-use of contents more effective and more efficient. In
October 1996, MPEG committee started a new project to develop the MPEG-7 international
standard, called "Multimedia Content Description Interface”, which has been completed by
September 2001.

In this project, a number of techniques will be developed. The techniques include:
MPEG-4/7 interactive server, MPEG-4 interactive scene editor, MPEG-4 interactive player,
audio/video features extraction tools, content analysis and summarization nodule, content
streaming module, 3D workbench for MPEG-4 scene/animation construction, query by
example 3D, MPEG-2 transport stream for MPEG-4 data and MPEG-4/7 Qos-supported
proxy server and so on. Base on these techniques, two applications, "Interactive Information
Media Service System" and "Home Media Center", will be developed.

The project is to be developed on PC platform. It is scheduled to be completed in three
years.
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This sub-project is made for “The Interactive Framework for MPEG-4/7 Instantaneous
Information Media Content,” and supporting “The Interactive Information Media Service
System” of the main project “Content Engineering: Research on MPEG-4/7 Multimedia
Technologies”. Its principal purpose is to develop the technology of the interactivity
framework between the server-side and the MPEG-4 media player-side. In the future, the
industry will put their focus on the information media that is able to interact with users. How
to dynamically provide users with interesting information and content will be the key
technologies, which are defined by MPEG-4 and MPEG-7 standard. We try to solve some
major difficulties, including the communication mechanism between the server and the
player, the architecture of creating real-time interactive media content in server side, and the
framework of the client side accepts the input from users and responses to users by using the
client side interactivity or deliveries the event back to the server for getting the latest
information media content.

MPEG-4 is a international standard of multimedia application, which can meet all kind of
requirement of different application and different hardware. However, the current framework
of the MPEG-4 player is inflexible, we have to rewrite an extra MPEG-4 server for one new
application. Moreover, the server and the client may have to be totally rewritten to meet a
new requirement. This project expects to design “the Java solution of player’s and server’s
end” and try to create a programmatic framework for whole of MPEG-4 playing process. We
use replaceable Java codes at the server-side and client-side to solve the problem of lacking
vague generalization in MPEG-4 playing framework at present, so we can integrate with the
needs of other sub-projects easily. For example, the integration of MPEG-7 can use
“embedded Java component” at server-side to achieve easily.

Because the most direct application and greatest merchandise chance of MPEG-4 is
apply to interactive TV, besides, interactive function developed by this project is also the
core of the most needed technology. Therefore, it’s very good to put to the proof to apply the
technology developed by this project at server’s end to interactive TV. But if it is really
applied to interactive TV, our MPEG-4 medium player developed by the previous
experiment needs to be adjusted appropriately and enhanced its abilities, such as in 2D
domain, the capability for multimedia application, and execution of Java embedded codes.
This part will also be integrated with the sub-project “Content Manipulation for MPEG4/7
3D Virtual Environment”.
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ABSTRACT

We present an efficient MPEG-4-based interactive player for
PDA-like embedded devices in this paper. Our system can
receive media from various sources, then decompress and
compose them in an object-oriented manner. Embedded devices
such as PDA usually have limited computational resources,
memory size, power budgets, and multimedia capabilities. To
overcome these constraints, two novel mechanisms were
introduced, namely adaptive frame rate (AFR) and scene cache
graph management (SCGM). Furthermore, a media decoding
framework was proposed such that multimedia objects of
different formats can be retrieved from different sources and then
be decoded. This framework can be extended by add-on
components. A semi-pull model was also designed for the
synchronization of heterogeneous media objects. Finally, all the
key modules were efficiently implemented and optimized. These
modules include MPEG-4 video decoder, 2D/3D graphic engine,
buffer management, script engine, and streaming service.

1. INTRODUCTION

With rapid hardware advance and the growth of broadband
networks, MPEG-4 is becoming one of the most important
international standards. Unlike the traditional frame-based
multimedia standard, MPEG-4 adopts the object-oriented
methodology, which integrates the existing multimedia
technologies, such as still images, 2D/3D graphics, animations,
video, audio, and virtual reality into one single architecture.
MPEG-4 specifies a mechanism for describing the spatial and
temporal relations among the different multimedia components
of the application. This mechanism is called the “MPEG-4 Scene
Description” in the standard, which is termed “Blnary Format for
Scenes” (BIFS). Furthermore, users can define the interactive
behaviors and logical relationships among these media. Being
object-based and programmatic, MPEG-4 will bring on a variety
of new multimedia applications.

One of the essences of MPEG-4 is the interoperability of
different platforms. With the popularity of embedded devices
such as PDA, mobile devices will surely be the platforms for the
emerging mobile multimedia applications. However, embedded
devices are usually under the constraints of lower computing
power and limited hardware supports. Therefore, there are many
technical issues need to be tackled in designing and

implementing an efficient MPEG-4 system on embedded devices.

These issues are: 1) Lower computing power; 2) Less hardware
acceleration; 3) Constrained memory size; and 4) Lack of built-
in multimedia APIs. For the first three issues, some optimization
efforts are needed to reduce the time and space complexity.
Unacceptable responding time and heavy power consumption
may occur if cares are not taken for these system resource
constraints. For the last one issue, on embedded devices, there is
usually no high-level multimedia APlIs, e.g. DirectX, available to
help programmers to access the advanced features of high-
performance hardware such as 3D graphics acceleration chips
and sound cards. Moreover, APIs for playing back multimedia
streams, e.g. DirectShow, are too complex for embedded devices.
Thus, we should design a framework for audio-visual streams
decoding and synchronization.

This paper consists of six parts. Part 1 gives an introduction to
MPEG-4 and the problems while designing MPEG-4 system on
embedded devices. Part 2 describes the system architecture. Part
3 presents the synchronization mechanism for heterogeneous
media. Part 4 presents some implementation and optimization
details. Part 5 shows the experimental results of the system and
the performance of the novel mechanisms we proposed. Finally,
Part 6 gives future plans and concludes the paper.

2. SYSTEM ARCHITECTURE

2.1 The MPEG-4 Media Process Flow
Scene Compositor | r/
T:%:g O
! —— o)

Get scene data Media Buffer

—— Get media data

Remote or Local MP4 file
Figure 1. The processing flow of a MPEG-4 presentation

Figure 1 gives the general processing flow of an MPEG-4 media
presentation. At first, the MPEG-4 media data are retrieved from
local files or remote server. These data are decoded to constitute
the scene description of the content. A scene graph is then built.
Based on the scene graph, the media data are retrieved from
different sources accordingly. These media streams are decoded
into media buffer and are ready to be used by the compositor to
present the whole MPEG-4 content.



There are some challenging issues for implementing a MPEG-4
scene player: First, a BIFS scene graph must be well-managed
with related resources. Second, the system should support
various media formats. Furthermore, media may come from
different sources. The system must access not only local storages
but also remote services in streaming fashion. Finally, the whole
scene with all associated media must be properly presented in a
synchronized manner. From the above discussion, our system is
designed as shown in Figure 2. The system consists of several
modules: Scene Graph Manager, Media Decoding Framework,
Composition Buffer, Audio Engine, and 2D/3D Graphic Engine.
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Figure 2. System Architecture

The function of each module is as follows. Scene Graph Manager,
which is the kernel of the system, manages the operations of the
scene graph. Media Decoding Framework is in charge of
retrieving various media data and then decoding them.
Composition Buffer stores the decoded data. Under the operation
of semi-pull model, Scene Graph Manager synchronizes the
presentation of heterogeneous media objects. In order to
compose the whole scene, Scene Graph Manager also generates
graphic instructions according to the information and 2D/3D
spatial relationship of media objects defined by the scene
description. According to these instructions, Graphic Engine then
efficiently renders 2D/3D graphic primitives as well as textures.
At the same time, Audio Engine renders decoded audio streams.

2.2 Media Decoding Framework

MPEG-4 supports media of various formats, from different
sources and conveyed by different file formats or network
protocols. To fulfill these requirements, a generic framework for
decoding comprehensive media streams is proposed. In this
framework, a Media Decoding Stream (MDS) is established by
connecting the Media Access Module (MAM) and a Media
Decoding Pipeline (MDP), as shown in Figure 2. Three generic
input/output interfaces and Source Buffer, as the bridge of the
connection, make MAM and MDP work independently. These
three interfaces are the output interface of MAM and the
input/output interfaces of MDP. Whenever a new component
implementing these interfaces is plugged-in the system, the
system is able to process new media data. This framework
provides a feasible and extensible mechanism to control various
supported media streams.

2.3 Scene Graph Manager

2.3.1 Scene (Cache) Graph Management

ISO/IEC 14496-1 specifies numerous kinds of nodes and data
types. In order to manage these nodes with a graph data structure,
namely Scene Graph, a general form is introduced to represent
each node. To accelerate the rendering of the scene graph, each
node is attached with a corresponding cache render resource, in
which pre-computed information is cached. These cached render
resources constitute another graph, namely Scene Cache Graph.
Only when the values of some fields are changed, a node needs
to recompute related information and update its corresponding
cached resource. In this way, considerable amount of
computational resource are saved. The performance of SCGM
will be shown in Part 5.
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Figure 3. Architecture of Scene Graph Manger

2.3.2 MDS Controller

The MDS Controller, which is the controller of the Media
Decoding Framework, constructs necessary MDSs for decoding
media to the composition buffer. A MDS is constructed by
connecting an appropriate media access module and a decoding
pipeline. The MDS Controller also drives the data retrieving
thread and decoding thread in Media Access and Media
Decoding Pipeline modules, respectively.

3. SYNCHRONIZATION OF
HETEROGENEOUS MEDIA

In this section, we introduce semi-pull model to solve the issues
of intra-media synchronization for media of each type and inter-
media synchronization between different media streams.

3.1 Categories of Media

Media objects supported by MPEG-4 can be classified into three
categories according to their sampling time length: (1) Instant
Time Media are the media data that can be computed
immediately. They are usually processed in EMP (will be
discussed in 4.1). For example, the event generated by a
TimeSensor is such kind of media. (2) Discrete Time Media are
the media whose sampling lengths are long enough so that
computers can accomplish the processing. Most of these media
are visually related, such as video and animation. For example, a
video with frame rate 29.97 fps has media sampling time about
33 ms, which is a long time for the devices. (3) Continual Time
Media are those media whose sampling time is very short. These
kinds of media are usually auditory. For example, the sampling
rate of an audio sound is 44100, its sample time is 0.000023 sec.

3.2 Semi-Pull Model

We propose semi-pull model to solve both intra-media and inter-
media synchronization problems in a uniform way. In pull model,
which is a conventional model to decode and render a media



stream, the render thread accomplishes all the tasks required to
present a media stream, such as getting source data, decoding,
and rendering. Therefore, the timing to render a decoded frame is
controlled by the render thread. Pull model is an appropriate
model for the simple case that only one video and audio stream is
presented concurrently. However, for the more complicated case
when more continual media objects in an MPEG-4 scene should
be presented in a synchronized way, pull model does not apply.

In our semi-pull model, a new thread, decoding thread, is created
for decoding. The decoding threads deliver decoded data through
composition buffers, as shown in Figure 2. Each decoded data
sample is associated with a composition timestamp, which
indicates the time at which this sample should be rendered. A
composition timestamp is created with respect to a global
reference clock generated by scene graph manager. We will
discuss how the semi-pull model achieves the heterogeneous
media synchronization.

3.3 Intra-media Synchronization

The goal of intra-media synchronization is to maintain the on-
time presentation of the data samples so that acceptable user
perception at playback is ensured. Without intra-media
synchronization, the presentation of the media may be
interrupted by pauses or jitters. For instant time media,
synchronization can be achieved if the EMP execution rate is
kept high enough. For other media types, semi-pull model
ensures that the presented data sample is the most updated and
rendered on time. Thus, intra-media synchronization of each kind
of media is accomplished.

3.4 Inter-media Synchronization

Inter-media synchronization can be categorized into two cases:
one is for the synchronization between time-variant (discrete and
continual) media and the other is for the synchronization
between instant and time-variant media. A typical example of the
first case is the lip-synchronization between video and audio
streams. The first case can be resolved by forcing all media
streams synchronized to the global clock. In this way, the
synchronization can be accomplished, except for media streams
that have their own reference clocks. Currently in MPEG-4, only
audio streams have this problem. Audio streams are rendered by
a sound card, which has a local clock. Inevitably, skew between
the local and global clocks may be intolerable after a long-time
playback. For this problem we have to synchronize the audio
stream to the global clock by adjusting the amount of waveform
data that is to be fed into frame buffer on the sound card. The
algorithm adopted in our implementation is:

Initialize temp buffer
While more decoded waveform data {
Copy decoded data to temp;
TimeOffset =
SystemAbsoluteTime — BufferPlayingTime;
1T( abs(TimeOffset) < Threshold )
Smoothly drop or insert sample;
Else {
Reset audio device;
Drop a segment of samples;

}
Output temp data to audio device buffer;
T

For the second case, the data of instant time media are processed
when current frame is about to be rendered. Because of the high
execution frequency of EMP, the delay between the time at
which the data is created and processed is restricted within a
tolerable time interval. Therefore instant time media can be

synchronized to the global clock, which is also referenced by
time-variant media. The inter-media synchronization is achieved.

4. IMPLEMENTATION AND
OPTIMIZATION

4.1 Adaptive Frame Rate Mechanism

There are two render threads in our system. One is for rendering
visual frames; the other is for rendering audio streams. The
visual render thread is responsible for driving scene graph
manager and graphic engine. It takes a large part of the limited
computational resources of the system. Thus, an optimization
mechanism is proposed to reduce the workload of this thread.

- Procedure Execution Freq. | Exec.

R g Type | Overhead (times / s) Freg.

Sog| EMP Low 30 Fixed
SRP High 0~30 Adaptive

Table 1. The 2 procedures of visual render thread

The job of visual render thread are divided into two procedures
(see Table 1.), Event Monitoring Procedure (EMP) and Scene
Render Procedure (SRP). The first one detects, routes, and
handles instant time media, such as events. The second one
traverse scene cache graph and drives graphic engine to render
2D/3D graphics. The overhead of EMP is quite low and the
execution frequency determines the response time for incoming
events of the system. Hence, the execution frequency of EMP is
fixed. SRP has much higher overhead and its execution
frequency determines frame rate of the scene. Thus, we have to
make the execution frequency of SRP as low as possible, while
preserving the visual quality. To solve this problem, the
Adaptive Frame Rate (AFR) mechanism is proposed. In this
mechanism, a scene runs in either active state or inert state. The
scene runs in active state when at least one MovieTexture or
TimeSensor is active. Otherwise it is in inert state. When the
scene runs in inert state, render thread adopts lazy-render
strategy, with which the only periodic routine task is to execute
EMP. In other words, render thread executes SRP only when
some events occur and somewhere in the scene has been
modified. When the scene runs in active state, to continually
render the active movie textures, render thread executes SRP in
every specified period P,, in addition to what it does in inert state.
We propose an algorithm to adaptively estimate the appropriate
period P,.
Definition: F = {fy, f,..., | fi: the frame rate of MovieTexture i}
Input: F Output: P,

IT “F, not init” or “F changed”
Fa = Min( Median(F), MAX-FPS );

IT (Average-CPU-Utilization > threshold)
Fa *= FPS-DECREASE-FACTOR;

Else
Fa += FPS-INCREASE-FACTOR;

Pa = 1/F,;

More computational resource can even be saved. If the
determined scene frame rate 1/Pa is lower than video frame rate,
some frames will be dropped by the frame-dropping filter
embedded in the video decoder.

4.2 2D/3D Graphic Engine

The engine supports primitive 2D/3D rendering functionalities
comprising transformation, frustum clipping, viewport, lights,
and optimization of texture processing. Two essential hardware
supports are not present on the target platform, including



hardware acceleration for 3D rendering and floating-point
number processing unit. To overcome these problems, the engine
applies fixed-point arithmetic when decimal arithmetic is
required and performs all 3D rendering functionalities by
software emulation.

4.3 MPEG-4 Video Decoder Optimization

4.3.1 Optimized Inverse DCT Algorithm

A large part of IDCT calculation needs floating-point operations.
XScale CPU doesn’t have a dedicated floating-point unit, and all
the floating-point operations are implemented by software
simulation, which is not efficient. Thus, we have to implement
the IDCT module with only integer operations. Our
implementation also adopts Feig.’s inverse DCT Algorithm [2],
which significantly reduces the amount of multiplicative and
additive operations. In addition, de-quantization operation is also
combined with IDCT module. The most multiplications are
further eliminated with this combination. Moreover, unnecessary
memory accesses on temporary buffers that store dequantized
data before IDCT are reduced.

4.3.2 Optimization of Motion Compensation

In the recommended decoding procedure, the predictive error for
motion prediction is derived from IDCT and written in a
temporary buffer. The error values are then read and added with
the result of motion compensation in another buffer. In our
implementation, motion compensation is directly done upon the
result of IDCT in the same buffer. A temporary buffer is thus
eliminated and the number of memory access is reduced.

4.3.3 Optimization of Color Conversion

The color conversion from YCbhCr to RGB is optimized by table-
lookup. Each floating-point operation is replaced by a single
memory addressing.

4.4 Buffer Management

This module maintains two buffers to hold decoded data. While a
decoding thread writes data to one buffer, the render thread reads
data from the other one. To avoid the race condition, both
threads may lock the buffers. When the decoding thread finishes
writing to the buffer, it locks and toggles the two buffers. When
the render thread reads data from the buffer, it also issues a lock.
Since it takes very short time for the toggling and reading
operations, the potential waiting time can be minimized.

4.5 Script Engine

To enhance the interactivity of BIFS scene, the system supports
JavaScript mechanism specified in MPEG-4. The script engine
parses all the script codes in the scene and transforms them into a
syntax tree for speeding up the script execution. When an event
is routed to a Script node, the corresponding function is evoked.

4.6 Video Streaming

A media access module is implemented for MPEG-4 video
streaming over RTP. The module maintains the RTP/RTCP
session of an MPEG-4 stream, feedbacks the network status,
manages the buffer, controls transmission errors and composes
the fragmented data during transmission. The module adopts
forward error correction (FEC) to recover data when a packet is
lost. At the sender side, the XOR operator is used to generate a
redundant packet among a group of packets. At the receiver side,
if a single packet is lost, the lost packet can be recovered by
applying XOR operation on those correctly received packets.

5. EXPERIMENTAL RESULTS

Figure 4. Snapshots of MPEG-4 content

We developed the system on Toshiba e740 Pocket PC with Intel
XScale PXA 250 CPU and built-in 802.11b wireless module.

Figure 4 shows two snapshots of MPEG-4 content. In the left one,
the screen of the “monitor” (the 3D model placed in the middle)
binds an active movie texture. The experimental results of the
performance of SCGM for this scene are described as follows.
When the rendering frame rate is fixed at 12 fps, the average
CPU load is 98.65% without SCGM. When SCGM is enabled,
the CPU load is improved toward 6.37%. In other words, roughly
15 times of the computational resource is saved.

In the right of Figure 4, there are three objects, each of which is
bound with a movie texture. The elliptical object in the middle of
the scene is set with 0.3 transparency and randomly moving
around in the scene. These videos are in QCIF and frame rate 15
fps. Two of them are streamed from remote server, while the
third one is retrieved from local file. With AFR mechanism, the
highest frame rate of the scene is about 14 fps.

To measure the performance of AFR, we consider the lifetime of
the battery with power consumption varies from 100% to 20%.
The experimental result shows that AFR gains 118%
improvement of the lifetime in the first scene. Under the same
condition, only 27% improvement of the lifetime is gained in the
second scene. The reason that AFR performs better in the first
scene is that most part of it is in inert state, while AFR works
more efficiently in that state.

6. CONCLUSIONS

We have successfully developed a MPEG-4 interactive player on
a resource constrained PDA. Our system adopts four novel
mechanisms, namely adaptive frame rate, scene cache graph
management, media decoding framework and semi-pull model
for resolving the problems including computational resource
reduction, low power consumption, comprehensive media format
support and heterogeneous media synchronization. For further
research we will improve the efficiency of our system and
develop new functionalities such as MPEG-4 Multi User Worlds.
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ABSTRACT

The Communication and Multimedia Laboratory (CML) has
developed the MPEG-4 editor for 5 years since 1998. In 2001,
Digimax Production Ltd. joined this project and addressed
ourselves to make this system more complete. We have
implemented a visual MPEG-4 scene editor for creating 2D/3D
mixed scene, with features of event routing mechanism, visual
editing, and friendly user interface. With our system, one can
produce highly interactive MPEG-4 content easily.

1. INTRODUCTION

To meet the emerging multimedia applications as well as the
rapid hardware advance such as CPU power, memory size, wire
and wireless network bandwidth, the MPEG committee
developed the MPEG-4 standard aiming at bringing various
multimedia applications onto all kinds of software/hardware
platforms. An MPEG-4 compliant application may contain in one
single content several different objects such as text, pictures,
audio, video clips, vector-based graphics, 2D/3D meshes, virtual
reality, and so forth. These are the multimedia forms we are
familiar with. However, the lack of a standardized framework to
integrate these various multimedia formats makes it difficult to
develop highly-interactive multimedia applications. Furthermore,
existing multimedia systems cannot be migrated among multiple
software/hardware platforms, making it even harder to develop a
general multimedia application for embedded systems.

The MPEG-4 standard is specified by ISO/IEC 14496. It builds
upon three application areas: digital television, interactive
graphics applications and interactive multimedia. It aims at
establishing a universal, efficient coding of different forms of
audio-visual data, which we call audio-visual objects. Moreover,
it tries to offer a new natural and synthetic interactive
multimedia. This goal will be attained by defining two basic
elements:

1. A set of coding tools for audio-visual objects supporting
different functionalities such as object-based interactivity
and scalability, efficient compression, and error robustness;

2. A syntactic description of coded audio-visual objects,
providing a formal method for describing the coded
representation of these objects and the methods used to
code them.

Unlike the traditional frame based multimedia standards, MPEG-
4 introduced the concept of “object-based” multimedia
architecture, which enables the integration of various multimedia
components. To realize sophisticated multimedia applications,

MPEG-4 specifies a mechanism for describing the spatial and
temporal relations among the different multimedia components
of the applications. This mechanism is called the “MPEG-4
Scene Description.” MPEG-4 Scene Description allows users to
describe not only the spatial and temporal relations among
various media, but also the interactive behavior and the logical
relationships. It is the key that makes MPEG-4 suitable in
various multimedia systems.

However, creating MPEG-4 Scene Description is not intuitive,
but instead, is a very complicated and tedious process. The task
of developing a large scale MPEG-4 application would be thus
quite difficult. Therefore, in 1998, the Communication and
Multimedia Laboratory (CML) of National Taiwan University
began to develop the MPEG-4 Scene Editor. In September, 2001,
Digimax Product Ltd. joined the project and introduced into the
scene editor some fancy functions that fulfill the professional
designers’ requirements. To demonstrate the power of the editor,
several large-scale and sophisticated MPEG-4 multimedia
applications were developed.

In this demonstration, we present the MPEG-4 Scene Editor that
allows users to visually edit a 2D/3D MPEG-4 scene. This article
is structured as follows. Section 2 lists the features and
functionalities to facilitate the editing process. Section 3 presents
the system overview and several important components. The
forth section describes the some MPEG-4 applications created by
using our systems.

2. FEATURES AND FUNCTIONALITES

Our system has the following features:

) “What You See Is What You Get (WYSIWYG)”
visualized editing;

) A variety of visualized controls: (a)Translation, (b)
Rotation, (c)Scaling, (d) 2D control, and (e) Lighting
Controls

() ©



L] Capability of using mouse to control the objects in the
preview window;

Simple user interface for various MPEG-4 functionalities;

MPEG-4 File Format Exporting Wizard,;

JavaScript in PME (Property-Method-Event) style.
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Our system supports most main MPEG-4 functionalities,
including:

® Nodes defined in MPEG-4 specification version 2;
) Event Routing, ECMA-JavaScript ;
® BIFS-Command, BIFS-Animation, BIFS-Audio.

3. SYSTEM OVERVIEW
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From the system operational aspect, the Scene Editor consists of
six major components as follows:
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° Previewing and visual editing window;

L] Component panel.

4. RESULTS

We implemented our system in Windows 2000 with VC++ 6.0,
BCG Ul library, and Direct3D/OpenGL library. The followings
give some snapshots of MPEG-4 applications created by using
our system. The first three pictures is a MPEG-4 game. This
game mixed 2D and 3D within a single scene, and using
JavaScript to control the logical interaction. The lower right one
isa MTV content and contains some video clips and 2D pictures.
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ABSTRACT

To push MPEG-4 to be used widely in interactive applications,
such as games or interactive TV, an efficient MPEG-4 2D/3D
mixed renderer is needed. In this paper, the architecture and
some mechanisms of our implementation are introduced for
making the MPEG-4 renderer more efficient and correct in
playing and editing mode. Those mechanisms include the render
resource management, 2-pass scene tree traversal, and video-
texture optimization. Some MPEG-4 applications are also
created to prove such architecture is workable.

1. INTRODUCTION

MPEG-4 [1] is the succeeding standard of MPEG-1 and MPEG-2
video standards. ISO standard committee designed this standard
in 1998. Instead of using the current frame-based video
technology, it adopts the object-oriented concept, which
integrates the existing multimedia technologies, such as 2D/3D
graphic, animation, video codec, multimedia streaming,
interactive, and programmatic environment into single
architecture.

The MPEG-4 standard is specified by ISO/IEC 14496. It is built
upon three application areas: digital television, interactive
graphics applications and interactive multimedia. It aims at
establishing a universal, efficient coding of different forms of
audio-visual data, which we call audio-visual objects. Moreover,
it tries to offer a new natural and synthetic interactive
multimedia.

To build an interactive scene at the terminal, it needs not only the
audio and visual media but also additional information in order
to combine these media into a presented scene. This information,
called scene description, determines the placement of audio-
visual objects in space and time. The scene description is
represented using a parametric approach (BIFS - Binary Format
for Scenes). The description consists of an encoded hierarchy
(tree) of nodes with attributes and other event information. BIFS
is based on the Scene-Graph concepts employed in VRML [3]
and adds features such as Facial Animation, Enhanced Audio,
native 2D primitives, Streaming and Animation streaming
protocols.

In order to allow users to interact with the presented scene and
make the scene dynamic and animated, MPEG-4 provides some
interactive mechanisms, which are Event-Route, BIFS-Command,
BIFS-Anim, and JavaScript mechanisms. Using those
mechanisms, many interactive applications can be realized.

Interactive applications sometimes are not efficient enough
because too many events might modify the properties of nodes
unexpectedly, such as user actions, BIFS mechanism, or the
JavaScript engine. That makes the resource management
becomes more difficult. Similarly, a content author also modifies
various properties of nodes more often in a MPEG-4 authoring
tool. However, the performance of the renderer would be pretty
low if it always reconstructs the needed resource. Therefore, an
MPEG-4 renderer requires some acceleration mechanisms to
meet the need of interactive applications, such as 3D game
applications.

The basic concept to improve the performance of a renderer is
based on the following principles:

1. To reduce the computation in each rendering frame.

2. To decrease the data transfer between system memory and
graphic adapter.

3. To use the supported functionalities of the hardware
accelerator as possible.

In this paper, we present the design and architecture of our
implementation to meet the above principles, and we also show
some MPEG-4 interactive applications at the end of the paper.

2. THE RENDERER ARCHITECTURE

Hundreds of nodes are defined in ISO/IEC 14496-1, and some
nodes will be finalized in the following version. Thus, an ideal
MPEG-4 rendering kernel should be flexible and extendable to
handle increasing node definitions. Moreover, not only Built-in
nodes but also PROTO nodes and Script nodes should be
processed in the renderer. In general, content authors could
declare user-defined fields within PROTO nodes and Script
nodes. Therefore, a general form in our rendering module
represents each node. This general form is composed of a node
type ID and some fields that are defined in ISO/IEC 14496-1. To
accelerate each node process, the renderer attaches the different
render resource to each node according to its node type (as
shown in Figure 1), and setups the resource by querying the
value of each field.

As shown in Figure 2, the renderer holds all the render resources
and traverses them to render the whole scene. To keep the render
resources and the BIFS scene tree coincident, the BIFS scene
tree sends the render resource messages (this will be mentioned
in Chapter 4) when the properties of a node is modified by



JavaScript engine, Event Route, BIFS-Anim, and BIFS-
Command. The renderer contains a reference clock to
synchronize the media decoder module. By referencing this
clock, the decoder module is required to decode the media and
transfer into the composition memory in time, which will be
acquired by the renderer. Thereby, the renderer can get the
needed textures and audio raw data in next rendering frame.
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Figure 1: The abstract node class, SFNode, holds some
fields and its type ID. The renderer attaches a special
render resource according to the type ID.
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Figure 2: The renderer architecture.

3. THE RENDERING PROCESS

3.1 Rendering Pipeline

The rendering pipeline is shown in following, and we will
explain some details in next section.

1. Set the viewpoint and lights according to their
ancestor transformation nodes

2. Bind the active bindable nodes

3. Set the clipping region by the size of the layer

4. Clear the Z-Buffer

5. Traverse the sub-tree within the layer

For each geometric object
{
If the bounding box of the geometric object is in the
visible region of the active viewpoint
{
If the geometry is transparency
Push this one to post-render list
Else
Render it
}
}

6. Sort the geometric object in the post-render list by
the distance from the viewpoint, and then render
them

}

Traverse the scene tree for collecting following information:
1. The transformation of each node
2. The bounding box of each geometric object
For each layer

{

3.2 2-Pass Scene Traversal

A scene may include some Layer3D and Layer2D nodes that
indicate some transparent, rectangular rendering region where a
2D/3D scene is drawn. A layer node may bind some bindable
nodes, such as Viewpoint and Background. The renderer should
render each layer separately and combine each layer at a single
frame.

We find that a single traversal of a BIFS-tree might encounter
some problems:

1. Some special nodes, such as Viewpoint, PointLight and
Fog might appear in middle of a BIFS-tree and can be
influenced by its ancestor transformation. However, these
nodes have to be processed before rendering other objects.

2. Transparent geometric objects, such as objects with an alpha
texture or transparent material, must be rendered after all
other non-transparent objects. And those transparent objects
must be rendered according to their distance from the active
viewpoint.

Therefore, it is hard to render the scene correctly just in one
single traversal. Our implementation uses two-pass process. In
the first pass, the renderer computes the transformation of each
node and collects the special nodes. In the second pass, the
renderer renders the geometric objects by traversing the scene
tree again. The transparent geometries will be pushed to a list
and render them after all other non-transparent geometries being
rendered.

3.3 Frustum Clipping and Space Partition

There are two possible ways to eliminate objects overdrawing,
which lie totally outside the viewport or be occluded by other
object. The first approach is view frustum clipping, object lies
outside viewport will be clipped by using the bounding box



information. The second approach is space partitioning, which
requires preprocessing. We have to calculate a PVS (potential
visibility set) table of objects and store those data in a Script
node, and write some script code to handle the visible states of
the geometric objects with some Switch nodes.

3.4 Editing Supporting

The renderer can also be embedded into a scene-authoring tool as
a preview window. So in the editing mode, the renderer will
show the auxiliary controls to facilitate the objective of visual
editing. However, geometric objects will hide the part of the
controls if the objects and the controls are in the same 2D/3D
coordinate system. And the content author would not be able to
click and select the controls conveniently. In our implementation,
the renderer shows the auxiliary controls on a new layer so that
no objects can occlude them (as shown in Figure 3). Now, most
of 3D tools also use this style to show their visual editing
controls.

Figure 3: Some snapshot of auxiliary controls in our renderer.
From top-left to right shows Move, Rotate, Scale, 2D control and
some light auxiliary control. Most of editing controls are placed
on the top layer and would not be occluded by geometric objects.

No matter what these geometric objects is, Transform, and
Transform2D nodes indicate its transformation. Therefore, the
renderer searches the nearest Transform or Transform2D node
to modify the transformation if a user would like to modify the
geometric layout in a scene.

4. RENDER RESOURCE MANAGEMENT

The best approach to archive the highest performance is to setup
all the render resources and assign some resources to hardware at
the beginning. Each rendering frame uses those pre-computed
resources and uses hardware accelerations, which gives the
maximum performance. That is because the computation and
data transferring are reduced in each rendering frame.
Unfortunately, the MPEG-4 scene is not static and might change
over time by the BIFS Route mechanism, the BIFS-Anim stream,
the BIFS-Command mechanism, and the JavaScript engine (as
shown in Figure 2). Hence, we cannot put all the geometric
resource into the graphic hardware and cannot calculate all the

data only once. Therefore, a better mechanism of the renderer
must be designed to solve above dilemma.

To improve the rendering performance, a render resource
management is brought into our implementation. As shown in
Figure 1, an abstract interface IRenderResource is designed to
handle the resources management for each node. This interface
accepts some render messages send from the BIFS kernel when
the scene tree is modified. In other words, if some resources need
to be rebuilt, the BIFS kernel sends the associated message to the
render resource object. Any render resource instance, which
inherits the IRenderResource interface, will implement the
handle functions for following messages:

Message Description

INIT Triggered when the node is created.

DESTROY Triggered when the node is destroyed.

MODIFY Triggered when some fields of the node are
modified So part of the render resource must
be reinitialized.

TIME_SEEKING |Triggered when a user seeks the time line
through the UI.

STRUCTURE Triggered when the scene tree structure is

modified. Maybe some nodes are added or
removed.

TEXTURE_RATE |Triggered when the texture of a geometric
object is changed. To handle this message,
the renderer checks whether the texture
coordinates of the geometric object need to
be adjusted.

SWITCH_OUT Triggered when a switch node change its
selected child. This message will send to the

previous selected child.

Table 1: The render resource messages are sent from
BIFS kernel to a render resource instance.

Table 1 shows the render resource messages that would be send
from the BIFS kernel to a render resource instance. For instance,
the kernel will send MODIFY message when some fields of a
node are modified. To take account of the performance, our
system will not send the MODIFY message until all the fields
are set. In our implementation, each field has a dirty bit to record
its up-to-date states, and the renderer will rebuild the affected
resources by referencing this dirty bit.

The height and width of a video frame in MPEG-4 are not power
of 2 usually, but the graphic libraries (D3D or OpenGL) restrict
height and width of a texture to be power of 2. One solution is to
expand the video frame with an up-sample algorithm in each
rendering frame. But, this method will reduce the rendering
performance wildly. In our solution, the renderer adjusts the
texture coordinates of the object instead of expanding the video
frame.  Therefore, the kernel will send message
TEXTURE_RATE that contains two parameters, Rate_U and
Rate_V (as Figure 4) when the texture of an object is changed.
The texture address (Rate_U, Rate_V) indicates the ratio of the




video frame size to the real texture size. The renderer scales the
texture coordinates of the geometric object according to Rate_U
and RATE_V when it accepts this message. This trick is simple
and increases the performance highly. However, if the texture
wrap of the geometric object is using tiling method, this
mechanism will fail. But in most cases, using tiling texturing
with a video texture is not much meaningful.

—

Rate V

Video Frame

0 Rate U U

Figure 4: The message TEXTURE_RATE contains two
parameters, Rate_U and Rate_V. If Rate_V is negative, then the
image is inversed.

5. RESULTS

Figure 5 shows some of the MPEG-4 applications generated by
our authoring tool and presented by our renderer. We use the
JavaScript mechanism to achieve the goal of dynamical scene
and user interactions. Some of scenes combine 2D and 3D
objects and allow users to interact with the contents. The game
logic is created by JavaScript, which we consider it more
intuitive than using the BIFS-Command mechanism or the Route
mechanism. That is because these two mechanisms are hard to
record the game states and hard to handle the game interactive
logic.

Figure 5: Some snapshots of MPEG-4 applications. The
first three pictures is a MPEG-4 game. This game mixed
2D and 3D within a single scene, and using JavaScript to
control the logical interaction. The last picture is a MTV
scene and contains some videos.

Figure 6: The snapshot of the scene-authoring tool [2][4].
As you can see, a content author is editing a JavaScript
function.

6. FUTURE WORK

There are some virtual characters with facial and body animation
in our interactive applications. Our system uses some nodes that
are defined in AFX (Animation Framework eXtension), which
makes our system mix part of ISO/IEC 14496-1 and AFX, and
become incompatible with any standard profile. To solve above
problem, we still have much work to do.
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ABSTRACT

We have implemented an MPEG-4 scene-authoring tool for
complete profile in our laboratory. This tool is the extension of
the result of our laboratory last year. We changed the system
architecture and design for 3D scene, the event in/out mechanism,
visual editing, and friendlier user interface. We believe that such
a tool can allow users to produce MPEG-4 contents easily and
thus can push the MPEG-4 standard to be widely used. In this
paper, we describe the design and implementation of an MPEG-4
scene-authoring tool, and we also introduce some necessary
components for an MPEG-4 scene-authoring tool.

1. INTRODUCTION

The MPEG-4 [1] standard is specified by ISO/IEC 14496. It
builds upon three application areas: digital television, interactive
graphics applications and interactive multimedia. It aims at
establishing a universal, efficient coding of different forms of
audio-visual data, which we call audio-visual objects. Moreover,
it tries to offer a new natural and synthetic interactive
multimedia. This goal will be attained by defining two basic
elements:

1. A set of coding tools for audio-visual objects capable of
providing support for different functionalities such as
object based interactivity and scalability, and error
robustness, in addition to efficient compression.

2. A syntactic description of coded audio-visual objects,
providing a formal method for describing the coded
representation of these objects and the methods used to
code them.

The MPEG-4 scene composition defined in a language called
BIFS (Binary Format for Scenes). BIFS is based on the Scene-
Graph concepts employed in VRML [4]. It is a superset of
VRML with adding features such as Facial Animation, Enhanced
Audio, native 2D primitives, Streaming and Animation streaming
protocols.

In order to allow users to interact with the presented scene,
ISO/IEC 14496-1 provides Interactivity mechanisms, which are
integrated with the scene description information in the form of
linked event sources and targets. These event sources and targets
are parts of the scene description nodes, and thus allow close
coupling of dynamic and interactive behavior with the specific
scene at hand.

A BIFS scene is not likely to be static. It may be added, deleted,
or modified later on. An MPEG-4 content server can send a
sequence of commands to update BIFS scene. We call those
commands BIFS-Commands. A BIFS-CommandFrame consists
of some BIFS-commands. However, ISO/OEC 14496 does not
specify the storage form of BIFS-Command in server-side. It just
specifies the transmit format between server-side and client-side.
This implicates that a server-side program may dynamically
create a BIFS-CommandFrame and than send it to client.

In this paper, we present the design and architecture of the
authoring tool that allow users to visually edit a 2D/3D BIFS
scene. Furthermore we introduce some necessary functions and
tools that an MPEG-4 editor must hold. The propose system is an
extension of our previous work [2] and we will still improve this
system in future work.

2. MOTIVATION

MPEG-4, which includes the most of the newest generation of
multimedia technologies, is the most complex coding standard in
the world now. Owing to its enormous architecture and many
system components, which are across many domains, it becomes
hard to implement and has no real applications. To push this
standard to be a success and widely used, it needs not only a
complete implementation of the whole system but also abundant
MPEG-4 contents. In order to let content providers create variant,
interesting, and interactive contents easily and rapidly, we
decided to develop a system, called MPEG-4 scene-authoring
tool, for the content editing use. Following are the major issues
of our MPEG-4 scene-authoring system design:

) What you see is what you get
) General and fewer restriction
) User friendly

Especially, the first and the third issue have great influences on
the users. A system with these characteristics gives the users
direct senses about the system manipulation and let users spend
less time on learning how to use this system, so the training costs
reduced.

From the point of view of system design, the second issue is
usually opposite to the third one, because users need to control
more detail parameters with operating a general system, and
since the system need to provide more user interfaces to access
there parameters, it won’t be user friendly. To solve this dilemma,



we made many efforts to balance the weights of building a
general system and making the system user-friendlier.

3. SYSTEM OVERVIEW

From the system operational aspect, the authoring tool
consists of several major components. We briefly describe each
component as follows:

3.1 Scene tree structure editor

The normal way to build an MPEG-4 scene is to use a VRML
like description language. By using this description language,
users can adjust all the detail options of a scene node.
Unfortunately, the MPEG-4 standard defines exactly one
hundred types of nodes with different functionalities. In addition,
the more details defined in the language, the more difficulties for
general users to learn and use it.

For this reason, we provide a visualized Scene Tree Structure
Editor. By using this tool, users do not need to know any
grammar of the description language and the hierarchically
relation of the scene objects. This tool allows users to construct a
BIFS scene with only a little BIFS concepts. Therefore, it is
necessary for the MPEG-4 scene-authoring tool to provide such a
tool.
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Figure 1. Snapshots of scene the tree structure editor
window and the node properties editor window

3.2 Node properties editor

A scene node consists of some fields. Each field has its own data
type. Sometimes, these data types are not intuitive and may raise
difficulties for uses to assign their data values. For this reason,
our system provides a node properties editor. It allows users to
see the detail of a node and edit the attributes of the node. The
editor provides different interface for assigning the data values to
different fields.

3.3 Event (route) editor

Users may provide the “route entry,” which is an interactive
relation between two nodes in the scene to enable user
interactivity. A node may have several “event in” and “event
out” fields. The definition about which fields can “event in” or
“event out” in a node is defined in ISO/IEC 14496-1:1999 Annex
H. There are exactly 100 nodes, and every node has its own

special event definitions. Users may get confused with it.
Therefore, we must provide a way to give hint to users as to what
they can choose.
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Figure 2. A snapshot of editing event entry and route
table

3.4 BIFS-Commands editor
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Figure 3. Snapshots of BIFS-Commands window -
Every row defines a BIFS-Command, and its column
indicates the showing time.

BIFS-Commands are used to modify a set of properties of the
scene graph, its nodes and behaviors at a given time. Commands
are grouped into CommandFrames in order to be able to send
several commands in a single access unit. There are four basic
commands, as follow:

1. Replacement of an entire scene
2. Insertion
3. Deletion
4

Replacement



We provide a BIFS-Commands editor to allow users adding
BIFS-Command information in a scene. By using this tool users
can specify a time to add some new nodes or to modify some
attributes of a node in a scene. That can appear more plentiful
variation in a scene than just monotone movement.

3.5 Preview and interactive window

In order to achieve the goal of “What you see is what you get,” a
preview window is provided. Users can directly see the
visualized scene result instead of the scene description language
scripts. Besides, they can control objects through this window.
They may adjust position, size, and rotation angle of the objects
by intuition. However, not all the objects in the scene are visible,
these invisible nodes cannot be controlled by this way.

Figure 4. Snapshots of preview and interactive
window — In the scene of the solar system, a planet is
been editing by user mouse actions, and the bounding
box and some control points are appearing in the preview
window.

3.6 Import object

There are several reasons why we must provide such
functionality. First, an author may have previously created some
3D objects in a different format. With this functionality, he may
reuse those 3D objects in a new scene. Second, an author may be
accustomed to certain other 3D model editors, such as Maya or
3D Studio Max. He can still edit a static scene with his custom
3D model editor, and then imports this static scene into our
system.

3.7 Export to server side storage format

ISO/IEC 14496-1 does not specify the scene storage format of a
scene at the server side. It only specifies the format of the
bitstream, which is transmitted from the server-side to the client-
side. This implicates that the bitstream of BIFS may be produced
dynamically by an MPEG-4 server-side program. Therefore, we
are developing an interactive MPEG-4 streaming server. In this
project, the streaming server uses server-side JAVA script to
produce the bitstream of the BIFS-CommandFrame. The current
authoring tool saves the scene data into the format of the new
interactive MPEG-4 streaming server.

4. DESIGN OF THE SYSTEM
ARCHITECTURE

ISO/IEC 14496-1 specifies 31 Node data types, 100 kinds of
nodes, and 20 basic data types. This is not a simple case for
object-oriented programming designed for MPEG-4 scene
editing and rendering. Not only many classes need implementing,
but also some mechanisms need designing in kernel.

4.1 The system modules

In high-level view, our architecture consists of three modules:
BIFS Editor, Scene Render, and Scene Graph Manager, as
illustrated in Figure 5. The actions of the user will affect the
organization of the BIFS scene tree by going through both BIFS
Editor and Scene Render.

BIFS Editor Scene Graph Manager Scene Render
Server-site BIFS Execute Engine
Script Editor| |
IComman
Server-site Decoder @ Render
Simulator Script 3 Display
R J )
Engine a
— o
Tree BIFS T é
i » Scene 3
Editor Tree 4 goqte g
ngine =
Node_ g Input Receiver
Properties [ x
Editor BIFS I T
E Route \—‘ . ‘
vent > Table PO SR
Editor Scene Control switcher

Figure 5. The System Architecture

The BIFS Editor module can show BIFS Scene Description in a
user-friendly way. It provides a visual, non-language, and
instantly error-checked mechanism. It contains 4 submodules:
Tree Editor, Node Properties Editor, Event Editor, and
Server-site Script Editor modules. Users can directly read and
modify scene tree organization in Tree Editor, and modify the
attribute of the selected node in Tree Editor by using Node
Properties Editor. In addition, the entry of BIFS Route Table
can be illustrated and modified by using Event Editor.

The Scene Graph Manager module, which consists of some
data and controllers, is the kernel of our system. While the data
of BIFS Scene Tree and BIFS Route Table are the most critical
in this module, Execute Engine is the most important controller
in this module. Scene Compositor would duplicate the data of
BIFS Scene Tree, which will be used or modified later by other
controllers. Once an event has occurred, Route Engine will route
this event to its target. Meanwhile, the data of Scene
Compositor might be modified or some script function
executing in Script Engine could be triggered.

To fulfill What-You-See-Is-What-You-Get, the scene tree will be
sent to the Scene Render module for previewing after
composing by Scene Compositor. The action of users will be
sent to Scene Control Switcher, which will then deliver the
event to different block according to the current editing mode.
On one hand, if the editor is in the preview mode, the Ul
message will be sent to Route Engine; on the other, when editor
is in edit mode, the Ul message will be sent to BIFS Scene Tree.



Moreover, BIFS Scene Tree could be modified according to the
user actions.

4.2 Event route mechanisms for virtual editing

To realize the objective of virtual editing, some mechanisms
must be added to the scene tree node classes and the render
module. An object in a render window consists of some nodes.
Therefore, if a user wants to move an object or resize an object
by using the mouse in the preview window, the system may
adjust field values in different nodes.

To make this problem more general, our system uses event route
mechanisms. In editing mode of preview window, when users
choose a node in the BIFS scene tree presentation window or
click an object in the preview window, a sub-tree will be chosen,
and we say this sub-tree is in focus state. After that, the preview
window computes the bounding box and then shows some
control points on the screen, as in Figure 4 and Figure 7. Every
control point has its individual significance in different editing
modes, such as Move, Resize, and Rotation, and so forth. When
a user drags a control point, the control point will throw an event
with some bearing information to the focused sub-tree. The event
will be delivered recursively until a node accepts it. This node
will decide to apply this event to its attributes or selectively
deliver this event to its children nodes.

Figure 6 is an example of a box object. If an event arrives to the
transform node that is the root of the sub-tree, when this event is
Move, Scale, or Rotation, the transform node will accept this
event and apply this to its attributes. But if this event is Resize,
transform node will deliver this event to its children nodes. After
that, the shape node accepts this event and simply delivers it to
the geometry node. Finally, geometry node receives it and
applies to size field.

Move, Scale, Rotation

Figure 6. An example of the edit message route
mechanism — This diagram shows the scene tree of a box,
which receives an editing message and decides to send
this message to children or hold it and applies it.

5. RESULTS

We implemented our system in Windows 2000 with VC++ 6.0,
BCG Ul library, and Direct3D/OpenGL library. Figure 7 is a
Screen shot of the result. At the ending final, the authoring tool
allows users to save these scene data into the data format of the

MPEG-4 interactive server, which was also developed in our
laboratory.
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Figure 7. A snapshot of our system — You can see a hot
balloon is in selected state and some control points are
showing.

6. CONCLUSION AND FUTURE WORK

A new interactive authoring tool is currently under development.
It allows editing client-site and server-side JAVA-script and
simulating its executing result. We will use JAVA-Script
solution to support BIFS commands and the user interactivity.
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The project -- TContent Analysis and Streaming technology for MPEG-4/7 3 is
composed of three technical development modules, including (1) [Features extraction
tools)> (2) [Content analysis and summarization module] and (3) [content streaming
module ) - These three modules support the two kernel applications *“ ( Interactive
Information Media Service System) ” and “ (Home media center) ” proposed in the
project [ MPEGH4/7 based Content Engineering ] -

The [Features extraction tools] module will develop techniques of the MPEG-7
defined low level features extraction for video and audio contents - The developed
techniques can be useful for the summarization of multimedia content and the
content-based query by the computation power and appropriate user’s assistance - The
purpose of the [Content analysis and summarization] module is to further develop the
techniques about the extraction of the semantic information and the summarization of
multimedia content - The final module -- [content streaming module] is focused on the
research of the scalable and error resilience codec. Integrating the streaming server and
real-time streaming protocol, we will finish the experimental platform for supporting the
real-time MPEG-4 multimedia content streaming - The project is to be developed on PC
platform. It is scheduled to be completed in three years.
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.4_
R
|
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¥ entp B 12 o
FE R g2 v 2 B (Hierarchy and scalability of descriptors )
MPEG-7 @ & % I's & i it % 4 (Description Scheme) » #& & Fi & 1247 7 34 {2 40
FE > REWEHF R T 5 oonE o uFF MK > N & 0 descriptors ¥ 4 N-1
Ren B3 v A M kI o N K o descriptors ¥ 4R 5 N-1 & e it 4o 98 224
i oo
fo i B4 LA (the Description Definition Language (DDL)) %4
£1#74i 4 (Compositional capabilities )
MPEG-7 % & 45 it % ¥ %35 7 (the Description Definition Language (DDL)) > i
wFaE 2 Rrehszit s (Descriptor) £ 4 it & 4 (Description Scheme) » I o 2% 42 ¥R
w ihgci e (Descriptor) £ 45 it % #(Description Scheme) %12 :x & 5 55 -
2573 g8 2 78 (Multiple media types )
MPEG-7 € & 4 it 55 H € & +% % (the Description Definition Language (DDL) ) > #
- i R Lents ] o #-aie (Descriptor) ~ 4 it % 4 (Description Scheme)£2 7
Ly T2 B g M mdg oo Pt TR e 30 AR Al PR
Fov e P TR F AT AR FAMESORETH A FERNDEE o
f*¥ T 4 b=+ (Platform independence )
fo i B T &£3F T (the Description Definition Language (DDL)) « /f i & Jis * &
B ITETE T b -
&2 20 (Grammar)
MPEG-7 % &4 it 1 €& % (the Description Definition Language (DDL)) » ¢
,Eﬁ - BA g RAERE SR EARR

AN
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ST EE AR

A (s R RE03 5 A#HZARAETER B k]

1. #38FEL P

TE K NEFE S A S BUNDEE R 0 e P R RRET T B I
@27 %R 2 (multimedia document) A #cE ¢ Iﬁ,%&mﬁg bvoo @ et & £
PHAT R ARAR S R Y FF YA WEF L PR RSP FHE 8 L RADR

B it om¥ - 35 > AR AR o (image processing) S A 5%‘_% (artificial
intelligent) 2 ¢ "g4L% (computer vision) % 4pRi4g e 3 F S £ R 7y & % > Rm o
HErdom i p o470 SR B F 2 3F & (semantics) & 2 R4 o F]t o deie
AR A g e RFR D - E A A § Ren® 4R (Region-of-Interest,
ROD i kb AT H NS4 29 SRR FRELES L L Pnitp o #
AP RSB FTY ye- BE &R

BAPBAER AT EFENS S AN C ik (image) £AR3 (video) o F&
Moo BRI R T N R PREFENRE YR c SRR EFN L T F AR
A hEFE e S - AT ARG - @ ¢ otz (frame) TR PR BhATHE S 0 @ AR AR LT
AR B L G P B ARR A 2RI b T AR B o~ AARUA 2 AR
Yoo dpdk ¥ § @ B4 (camera motion) LTk AE ALY hE BRI R
HNLR A o FIM AA T BB APY E TR B E S | (applied media
aesthetics) » ~ ,Th{ﬂq* AGUAR PSR % A B R AR KA AR T A 4T A
iR e N

AP ddR - B ‘%]‘ AR 3] (user attention model) = A& ep #ARLM B4
T AEBRAE Y 0 MGV FE (attentive features) 2 i ¥ 4k £ F o
AR T R D It o AT RS LRI R AR ABRA ST BERA
# o

g]('-) & /Z-\" iﬁ‘ﬁa%?\:(\; 4 —%*EF\)—L‘E;/?g\O
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shot 1 shot 2 shot 3

> video

H_I

¥ Video Unit Division

Frame Segment

Camera Motion Registration

Motion Type

Saliency Map

RO/ Determination

»

Bl(Z ) BB 22 R

B B TARL U AR R FuE AR Y 0 LA PR A T2 R AR - i 2 BT ER S
4cit+  (spatial color descriptor) i %~ 2 3§ % iv (shot detection) /& &/ #-H » 3 #
BHFE - BFLFEFF LY  APNHILRARKETNIEESLT 2 Ed2 NS P
(frame-segment) » % — Afzr P BN H - 2 MIERGZANBERL TR AT > o &

%gﬁ—aﬁv%ﬂ,ﬂm#ﬁ—%mﬁAQu@%ﬁziﬁﬂ%w:ﬁzkmﬁﬁi
LPEHE - ¢ 2 2R (intensity) ~ g4 (color) % :@# (motion) > B E D H 2

%&@M@wammmoﬁ%ZFﬁﬁm%&@%ﬁ’ﬁwﬁwuﬁﬁib@ﬁﬁ
(temporal mean filter) #-H iFig 5 vi— 2. © W@ piFaciap: B (filtered feature map) - 7 F
e EREACER BT AT ARiEs P B R AL RE IR AT
FAje ¥— 25 o AP HE - e BB D H R EEFN R B2 Btk
BB ELE - 2 ﬁ;‘*ﬁihﬁ (saliency map) P¥ » JLiE&AAME T R 0T R B ARG
B Pk R 2 @ H Sl AEIENAR P2 EFRBIG 0 TE A e B L AR
BB PEATE BRAER ANIEY 2 X 2 Y o IR T LS A
Bl E'Li’p g # '?fii"?%é oo

2-9



[1] Rz * FALER

A A FF - BhiRDLBTEMRNE G FR L 7 PHAE
Moo SRR AR R A 4T (0 R B & b PR TR 0 A R B R R T
SRAFEFEAYT o PR AP D B AR o KB e B k5 g i RAp g 4
B RUEFRARANER NG APTPREFRAAG N OEEERET 2T F G
ERHE I VAL ERADITRAEAL o ST RFANBAERL T AEE E2H
e — g amate s iz St A AP T A#HE = AP %KY
WAPE 05 L RIERE BN - B B oo HE X adi: 0 P ET A
T LTI B ETIPFR A O [T 0L TR KRR S iR o

N ghE-

4 T
pod ~ X

ol
Ege,fm

B(=) iz 2 5

AT R K R KA B Y S - Re AR L T
FEH B FHEPR > n B7e g FAR I g2 #85RAEHF
2Ed o ARG HAEL FRERNER L F (pixel) 2R AR TR (IC) & B
AR F IR AL W TR AV e Hwms s A T
H4pFa (RGC) 2 ggi HivFm (BYC) e ¥ b s @3 HAIA L F ERNE
L E B R RAETA > BT s kT e BT (X-motion) 2 =3 v A T
(y-motion) « & A& % g it ez FEF N A W T K AT

IC(p)=rggv>v<ll(p)—l(p')I ’
RGC(p)=max|R(p)~G(p)| -
BYC(p) =max|B(p)-Y(p)| -
B prdziftztie WangERAZd w2 - 2T %4 IV R-G B2
YAu st AR~ d B I EE I A ddke aiBH I A2k

T2 dE e HE TR A BT - gk E (2-D structure tensor) iAo AR Lok
Trofd T2 8 50 APV R s PG E - R g R (spatio-temporal
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Slice) = 2 A LrF SR e

oW v iR H 4

(xt-slice) _+ A4 w|r2 = 545k £ 4

Sl > iy
2 kT e BB TR T - 36 R RS AP E L e BB TR
BoF-BFTTEINAHEDOIEBE TR RY - BRI IS S T A
BRATIENGR AL L ARTREFFE  FEY L EHEH S TALT G RKE
em) e = agEE () HHAPMFE SN LHhT -
spatio-temporal slice
A : )
y i~ | Xxtslice
/{deo frames
/ >
t X
Bl(r) BFEZE s RIFY2906 -
J. = Zlflf(x X', t—t"),
X', t'ew
|:JXX th:| JXt = ZHx(X_Xllt_tl)Ht (X_X',t—tl),
J = ’ X' t'ew
\]xt \]tt \]tt _ HAtZ(X_X.,t_t,),
X' t'ew
—a(G *H)/oX , HAt =0(G=H)/ét.
He w;

FIL(Y) LR P w2 3xBE HE 0 G R AT o

2 2
0="tan? 2l oo (el +:UX‘, 0<em<1.
2 ‘]xx_‘]tt (‘]xx+‘]n)
M =S leg»'% erﬁ%ﬁ%% ’J"l i E ?’ﬁ%i’“?;‘% ’ ,,'E' 1’_‘5’.;/]—%’_.\[_900, 900] y 1 ,J\_j_ & 45
FRAp R A gErBH Al B f EAWEAD LS E 23 BH 0 B EeL
# B a8 BAX R o
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Temporal
Median Filter

Filtered Feature Map

A Erame Segment Intensity Feature Maps

B(T) ’Eﬁfﬁ"‘@/@#’ﬂtmﬁég} A2 AT LB e

(d) (e) (f

BI(=) B- Riodes v B0z SacEp@g ol - 2495 @Rtz ()34
#ﬁmm@ (©)ic 41t Facap: B o () EF $D° H A Ep B (€) kT w45 B ph
DIENGESRCE S 33

EEE B0 R L & R ACER T 0 A P HE - AL L
ph 1511 — pE I T 5 B %ﬁ@&;ﬁ—‘~@&%ﬁwW@°b‘@%ﬁmmﬁ
MAEAET AT RF AR ER b e 51 RaE B Y R ST L R
M E R FIPL T AR A BER ST AR B AcERB L6 2
P ER GRS Y R R B RET R

TS G0 ARIE K €T e AT AT 0 B s A R B E e
ERATRIZRAARDET T g BEERERITORE I GAL Y L2 AR L B
R L LIS o 1R et (QOomHin) B AL bl il T F Lot s
ARG A R e a0 (left-pan) dpdEE RIT R RF LN 22
$ho2 Z LM EREEI  APTFR AN 0 7 b B AT KRS g 2 i

B A SRR B > A BAE T A4 BRI £ &k d o F R

| 4’;‘: F_L =\ F_L

é\.\
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EEER - R P2y e WA RS AT S5 H - 2 B E R

7

fEOEH LR A AP T adEy PR E R R AT R AL Bk

Friciep Rl & Sl
S(N)=a,,xFFM, +a_,x FFM, +---+a_, x FFM, >

30 SIN) 5 5 NS f=2 BEF Pl @ PR o, 4 9] 5 0 747 © i 4 APt 2 31 3
Moz & B Sk o

[2] A2 BB TF T

\
F—g](—“ ) u%ﬁfgﬂﬁécv}giﬁ,é%ﬁ_ig;%% o fi’__%_l- 4 ’JL? f}l] i
BETEPNY 0 RS MF Wik SR R R R F L £
TR AE RS L BFREG 0 A PR BFR A EREe (saliency weighted
regular moment) % ;- %% B E48F 2 ¢ =% (centroid) % H & ] o

M N
m,, = > > xPy%s(x,y), p,q=012,.,
1 1

B0y e

77pq = (p+q+2)/2 y
Mg My My,

He MA2NLBLHEFPBIZELT A S(XY) s HEWHRXY)LHF LIdke s 32
BT 2P o8 L (X, Y) =My /My, My, /Myy) @A <o) B 5 (K ’7720)><(k /%—2) ’

He k=2-

FRARE . § R AR - BRI E AU A B
MTRATI R RS BRI s Panp ke g AR ftﬁ'u’?i’/‘ AR L E
? TR A f}ll%lr'x’ftﬁ'?f'- B A 2. %p& s AR b E,hj‘,»jbg R UL 3§E’hﬁi
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RIvE e chgesk > @ i f B A BB A R AP LA i#ﬁﬁ%ﬁﬁii
Al e T2 - BARA AT FREREZ AR > T €T 4 R hEBAET o F)
AP N BAE TR 0 4 SRR FARN A B e T T R o AP IR
FH— B Pl FRB S RN PR EFRE BRI R R
FERZFZ2ANFRAEE PIANPT RHE S oy VR WME o BH B R Rk
MAZ G o P - AR RTfW@ﬁmﬁLJ%&ﬂ%%gﬁ@ﬁ w@%ﬂg%m
BHE o F > AP TT R EREF L OEE - e PR EE T EER KT
Ao b A PR AR BAERRRKEA N I §ARE= B F5E S N EAER K
ggﬁmﬁ TKﬁlim@L%awWﬁ—bﬁ,%%H{ﬁjmm&°

Saliency Value

(@) (b) (©)

Saliency Value

(d) (€) ()
B(~) &85 - 2 2 BRAEF2ZAEY PR 6@z (d)- Fb)2 ()4 = 5 & #Hk2
FRB e EHRE FRBIZZ Bl
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3. RHE%

F(-) BAEFR L2 @ % 'ﬁ TS -
GOOD ACCEPT FAILED
(%) (%) (%)
Data Set | 82 15 3
Data Set 11 73 21 6
Avg. 78 18 4

Ttk AL EAB T R T AR FF R ko d AR
d ;Il-#’}l» T B E S charas s FR AP REd B 6 B ROTH BRI GAL AP en
FRRPIEET APRPIREET L LSS /’%E’ § - <4 (DataSetl) # 37 T4L&
PERLEm % -~ (DataSetll) B gusg;gz% ;%;‘Lz’v”:a‘i;m o &
1030+ el > @ F 3NN 2-3 445 LR R BFAPFRY Fhpn \
I L aﬂm&%\&ﬂ *E GBS R ﬂ&*ﬁi “W‘L LEE - BERAL T TN
%% 49 % 4 (good) ¥

7B AR P R
i &Mﬁ‘iﬁﬁﬂ%@ﬁ%h ?’P?%& g g
2R R RCERE Y K AEALE L el
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125 143 181

267 307 482
Bl(4) BABRALT2ZF 0] BT 2 8F L322 AR 7 2 85 S5l o
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B. [* p 34135 £ ¥ R HNFE L k5]

1. &3

"EFF AP e > SR8 (Digital Video Camcorder) ehip 2 & iEjbra 3 -
e KR o B RS R EBHE 2 o AT RSO VB HER i F 7
P MBS AT B P FE P ITER TS A AREER o F
@ H I R kel PR A A FY DR RN E RO T

R R RS - R AT > VAT BT R (Thr s A g T2
3T o &EL ,»?:E eSS E AR T {ES M > &) 4e o Adobe Premiere ~ Ulead
MediaStudio {= CyberLink PowerDirector & % o iz 38 7geit * & ki > it 04 ik (=
BEAR T AFAEYRY L PR B4R R - ) BOES  LAT R TR ALE
L RN L A %%f“Jé@%é&ﬁw’ﬁaﬁiﬁmﬁﬁﬁ@
A RJE e Bl % G i BRSO Y o 3N E T - SR W A T e
A okm o m ;%‘IWT iﬁ‘f | # enficiz o F o N ;1;; i\ﬁF.'fT_L SR 3 5 itz ) R oo
EAR#mY P o At B % e f a4 (Content-aware Mechanisms) » % = —
et LR T 0 F B E e ARMAE R L e B P AP F /R
Foer 1% R B A AR~ S AU TR 0 R S T 8 el TR
DE AR AL & AP g BT o § A BARN NG & SRR S F e A

HighE @ R o

2. Ay Ben

PR Gk A PR FHIE G 36 > R G REORF B LA

{f&%@%%%ﬂﬁﬁﬁé’AﬂéfﬁﬁﬂﬁﬂiwﬁWﬁm?iE”%’
FRoe V-3 MIT g aRd = dpdl > &% F33 R ROP T Fﬁmﬁo

fm S
E DN
%
=

i3

lg

Ti'?? aﬁ&%m)ﬁoﬁ ERAPREER S P FRE > GE FK‘«LP? BB o gbeb s Apin g o
AR ERS D RAF R (BFYREFEDeZITTE) VI F S S
d o

"L ’ L_ﬁ*/i‘m 1 a3t »}LR% 'JmFF %\P » 3 'FB:I&%L“— ]B;;%_“E Ak F’ﬂ%ﬁ, ﬂ*%ﬁ'@ N B oo
fag'ﬁ% # ﬂ‘ﬁﬁg e 3 »s'm;ﬂ* B R AN g E o UE R j\j/m'é‘_g:l“} ) l}jc,

EX#ERp IR mﬁ*iﬁ:".—ﬁ;“é‘?-?'ﬁﬁ”'%‘»’# (m%m .% P fk) e e é
3 BE E s ¥ b iy S TR %#?’Tgm?’,‘# o d %‘f’fl&ﬁﬁ_q\
rRABHI T u’gxéﬁ-"zé’u“ﬁc‘zf;wmﬁ.%%"iﬁ.ﬁi B3 B A

ol

puf
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2, L&
2
“ ./u

ANPGRS - B (e,
L2 BIRA o BT

[1] 448 5 45 (Media Analysis ) :

SRR TR L N

FH (rBl- ). AieBEET > APRERI DS

BB R frand #EE o

[2] &% FH 24 (Media Synchronization) :
S ek T

ﬁ;fé% o chuw 5 ]ﬁc,
$B o Fo4e b i F i B L o
[3] A

Scripting Language )
AR S B R e RN
jL mé ﬂ: = ;\4 °

IR E ﬁriﬁ'ﬂ-gi%l * e
Borg B A ka- o3k
ﬂ?’r - IR

4t (Media Production) : % = 384 ¢ #1 & 4 a8 5 &
CEM O ASRA D iEItA > AP T AT g o @ % Kifyr A E 3 (Editing
E#q—%‘]:"é'g”—}_-gﬁvxbmg s o
Fod P HIEac R e 7 { N anthiEes iT— b

TR P LR R B e 8
¢ hE

S B2 L

% =1 R

1

£ At

3 llﬁ%“"ﬁ\'ﬂ T ™
2

"

hAdme P oo AR * Microsoft DirectShow Editing Service ¥ 5 > p & it cndm{E%r &
#F 7 5 o@ g i L4 CyberLink PowerDirector A3 B8 48 cn % R 250 17 5 ﬁi%J o
1 * PowerDirector it 5 X p # i* chmIR hiEgc kY o
Volume
ZCR
Brightness
Bandwidth
Audio analysis
Audio - h
%% > segmernt |—> Au-cil-cif:.llps —‘
: Input music cutting : o = %_
R B LY AN
I Alignment £ 1% m]:> ) $
:..,.-u--u ------------------------------------------- .,"E "... v v ‘.:..
éo Shot change | } *1eSelgctes o e, Output Video or
¥ |Video Analysis| § % Video shots Editing Script
Input video v

Human face
Flash light
Motion strength
Color variance
Camera Operation

B(+). p#si

Video analysi

| AL R

2-18

Scene selection
Key shot selection

23

] (T,

Audio rhythm &

Video motion/color
synchronization

* 1

%, 4k
‘./u

AT B Y i



PR AR B 34 i A IE P

#4894 #7 (Media Analysis )

TRAAT AT B2 G 0§ AAPRES ST £ (Volume) &2 F 5 (ZCR, Zero
Crossing Rate) #-5 i {727 &l o A% 5 g F R > 23§ Wi & BT
£ A% ZCR ehi 2 (Peak) & % "% (Valley) #acins » 155 #ipl5 ¥ 2 (Attack)

m,;;;}ji o R N ;;g_ﬁ%l)\m_él F%/”\’H’QV’@J‘

Clip boundary Attacks as sub-clip separatlon

WM N MW — Volume
‘ — Bandwidth
440 o

B(L-). %J * % 4345 Volume £ Bandwidth 730 i& (7 4 7 2 {8 *» 3] ) ek

‘3\\-
*n

prebs Al B - F o BB ZCR B R 0 A I 5 Boands i 14 (Audio Dynamic )
PP F ML WA & Banikdy o

A A FT L E AR PR AR 8- F iR (Shot Change Detection) » 2% i gz * 8 & 2
g G ¥ e £ (Pixel-based Minimal Absolute Difference ) #7 se2b 3% ade ). }'Jr E x
(Histogram-based Difference ) & fa i 2% i B13-8 3> 4 (eBlL = ) 134
BEhaE Sk o ANl P anE S s At g R A iE 3] 90% _P e

T—Fill‘io

Pl
4
"3

No
— " Not shot change

MAD>Thresholdyap

Hand Trembling

Shot Change!

('L - ) s \ mi%—% 3%*‘3' 'g /P'J/n fi@]
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gt ¢k gLEg $¢ F (Camera Operation) ] 4c# 4 (Zoom) £ T 45 (Pan) B £ H R - 4%
REER T 0 AT AP . ) J3t MPEG ¥ fg cn % B4 & » £ (Block-based Motion
Vector) Fi > REFHEFH TR (ded 2 ) RERBEF e Lotk 27 2@

524 AR AL -

Z\( ) A RS B j\xE‘.f’rﬁ,BPﬁv T erig jp)

Magnitude of Average

Motion \Vectors Average Magnitude

Motion Vectors

s

Pan Yy yyyvya 10 units 10 units
S/

N7

Zoom “«— « € >> > 0 units

TR

s TR LA T A = = ZfER ek s BFE P PR PR o AN
b oA T RERE LE B Y 'ﬂzﬁxt F R E o PR A TR E EE S
ﬁ-gzﬂéﬂm Boo MIFFARIEITE 2 L H b g iT* o & AR BenfF i 2 4p
m

8 units

¢

%
=
gl
’zft

H-S- I

#2(Z). BF ~ P P8 M AR s B

BIegA | A% F (HumanFace) : Mipld & A3 7 A 4 dioh > i ¥ fle ¥
POA B IR BT I X e et o

* %% = (Speech) : WiplEF G 4 fihiE o

Pk E 2 (Flashlight) : PPk %3 % kK p > BRAP P L > 3 F 5
iﬂyﬁéiﬁﬁém%ﬁg BRI gl e R A

Fe¥re | £ & 5% A& (Motion Vector Strength) @ # &% £ d o KL 7§

PR e Klf“ﬁ,ﬁmﬁl—*uf#“ﬁ&i B TR EEFOE G oo
0

ep s (48 #g (Camera Operation Type) : id # RAed 5 ¢ JUI sy
ST 35 ’)5 AR TELL & blAer G BEE B 44 (Pan)

F
- At

\?’,\ h‘:

=

ERAF B (Zoom)

5 B (Brlqhtness) PRRFESRT ORET EAEY e
T BT Uk ERR LG S -
R (Color Variance) :iEmild TR EEhE G 0 g A
5 G

o

| g

2P

L T T R P Fﬂlﬂ

gm} =N F_L =N
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BETEARANFHO APRNS AT FALDEL LI AREFIRELRDEEES
# (Frame-level Importance Function) 12 2 3§ k& ‘&€ & |4 5 #c ( Shot-level Importance
Function) -

Rk snE &Sk

Imp = CoeffH X (R + Eflash) +

face

Coeff,, x (Rioion X S, + CameraType) + Coeff, x ( + Rejpvar)

motion

‘an1m‘

BB R e d B S0

m.. ZCameraType (ZMotion) (ZHeterogeneity)
X )

Imp = Lenx (
Len Len Len Len

AP ERALDEELSIBAENELE NRATERE (B2 ) FF Ak DL R
R @@:E * :L’I-Ipﬂ fe 3B cnd & o L'L'!H"%ﬁﬂ-:'*& ):»éb_ﬁ;é{;;i RS RE
L RENF RS DR mE o

I
>
I

1

I

1 i, 1
,ll |"L JldM =
f M Importance values — I H' P y ]|
: 1IN Wi U N
I I 1

s
S

e P S

Frame
Number

BI(L =), EPiRs h el ot & 1@ % T3 RMHEL

$EFY e # i+ £ (Media Synchronization )

|

FHERanR AL APRIAFT ki N & B3 2 (Rhythmic) ™ 2
¢ 3¢ Een (Medium)

BARNP T EF P AR E = (BSU, Base Synchronization Unit) 2 2 LBSU ( Larger
BSU) (£ A B~Lm )o APt i hlrHE 2 T5 kT EpEEH b A rE
o F1L F My REFIES £nE 2 oA B0 kehs S A P e TR R eh B R T 1Y

Fhen HOFE -
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BSU BSU BSU

€ Basic synchronization units

‘ , | | Audio Time-line

- .- Ny \

\‘ ‘ ‘.———_ ———— ’-—" ‘\¥ \* “ll
Clip boundaries™ Audio Attackes

B+ w). 3 uchihhkhE i

1R ~ 7 B Bk R ST gt B RS g Y 5 (Video Reduction Rate) -
£ RBALASER S F R AN BSU RRF LT RADRAPFRHER AR TP
WE-LEIRALEZPEFNIE S ERL IR FLRBGANDREY PR BT LT
#e (Rhythmic) 28> 38 (22 B-+ 7 )-

=
a4
“ymr
™
;%_
P

LT e T 85 h 1 FlaH@* hBSU ] end = sr PiED &
t gk @ artk Lbﬁ'&ﬁﬁ'* e fr’ ?ﬂbﬂm*ﬁﬁ“% ] B I e

PRABINS G o Fp o APERNY - P R e (Medium) e fE

5

1%
¥ 3
=
0
Q;

~F
S

g o
o4
\-\-ﬁi

A
|

7

o

121s i i 181s ) .
Video timeline

| Audio timeline

25s 31s
B(+ 7). g (Rhythmic) 2& > X F# 7 & B

b ¢ apeh (Medium) 52 5542 > A g d e+ g LBSU 75 LA = 7L 4
AAEERL > AFHRPTYRATRAFET I > ¢ REIIRS 5 F (B> )
hipteafiR T > A PRGNSR AR R PadkiF - SR RETRE S
TEELER > ZHpF-FFnE R
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| | | Video timeline
U | | )
\\\ 6S ‘—“—"
\\\\I I ""—
} I I If Audio timeline

25s LBSU 31s
B(L=). ¢ 3?Eh (Medium) 282 B H T 3B
¢ R e (Medium) iy 3 V42 ﬂéﬂ{ii‘]ﬁ— BHRF U AipHanE &M
g

A2 R AR R Y 3R > Ra T 5 E g+ B e BSU #710 A f % eh
et € fgp 2 (Rhythmic) ket #272 P& o

ETS

ﬁgﬁm;ﬁd,l}&ﬁz H_:-ﬁj_‘gpé‘i%%l{%ﬁf%?%% u'&FE?_g‘im—» —\,mﬁu-ﬁ;‘%;i’g\)
AN S AL L g N B léﬁ‘ﬁ}:ﬁfﬁ WA FRA el o

A P i g B DR R kA BT I A BL S AT e RA®k
PN A A RO RER Y ¢ PR LA 2RSS BL R ER Y
gyt LR (LR TEREPT R AR ) BFTREMLRES - ARk
A e A OL R (e ) MR pRSREY R A R (- § i
FRB) TERA KPR otk o P KRB Y EF H 2 Tt (27 ) ki

APERY LA FEAPO LA FRUPRORT U F R BRE P
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Building MPEG-7 Transcoding Hints from Intrinsic
Characteristics of MPEG Videos

Chia-Chiang Ho, Student Member, IEEE, Jin-Hau Kuo, and Ja-Ling Wu, Senior Member, IEEE

Abstract —MPEG-7 transcoding hints are defined to
provide better quality or reduced complexity of transcoding
applications. This paper describes application scenarios,
hierarchies, and generation methods of transcoding hints that
are based on intrinsic characteristics of MPEG videos.".

Index Terms — MPEG-7 Transcoding Hints, MPEG
characteristics.

1. INTRODUCTION

MPEG-7 defined media transcoding hints aiming at reducing
complexity and improving the quality of general transcoding
processes [1]. The basic assumption is that transcoding hints are
generated in advance, and are stored together with the host video
itself (or stored separately but with a proper linkage to the video).
The possible applications of transcoding hints include but not
limited to constant bitrate (CBR) to variable bitrate (VBR)
conversion, encoding mode decision, frame rate and bitrate
control, complexity reduction for motion re-estimation and video
skimming and browsing.

Collected as one MPEG-7  description  scheme
(MediaTranscodingHint), transcoding hints defined in MPEG-7
include:

(i) Motion Hints:

MotionRange, consisting of four values (xLeff, xRight,
vDown and yUp), indicates the recommended integer pel search
range for conducting motion estimation to the left, right, bottom
and top of a video frame, respectively;

Intensity describes the motion intensity, specifically, the
variance of motion field, of a video segment;

Uncompensability describes the amount of new content in a
video segment.

(ii) Shape Hints:

ShapeChange describes the amount of shape change (of a
moving region) in a video segment;

NumOfNonTranspBlocks describes the average number of
16x16 blocks per frame containing at least one pixel with a non-
zero alpha-map value. (Since shape hints are metadata used for
object-based video coding and thus are not considered in this
paper.)

(iii) Coding Hints:

! This work was supported in part by the National Science Council,
R.O.C., under the contract NSC91-2622-E-002-040 and 89-E-FA06-2-4-8.

The authors are with the Communications and Multimedia Laboratory,
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AvgQuantScale describes the average quantization scale
used to compress a video segment;

IntraFrameDistance describes the distance between intra-
coded frames (I-frames);

AnchorFrameDistance describes the distance between
anchor frames (I- or P-frames);

Difficulty describes the transcoding difficulty of one video
segment, which is a normalized value (between 0 and 1), by taking
video segments into consideration;

Importance describes the importance of one media segment
with respect to the whole semantic media content. It is also a
normalized value as the Difficulty hint does;

SpatialResolutionHint describes the maximum allowable
spatial resolution reduction factor for preserving perceptibility.

Generality and flexibility are two central goals of MPEG-7 [2].
In MPEG-7, both generation and consumption of transcoding hints
are not formally defined. The definition of “video segment” is also
left for real applications. Focusing on MPEG videos, in this paper,
we (1) clarify multimedia application scenarios within which
transcoding hints are expected to be generated; (2) define practical
transcoding hint hierarchies from both structural and semantic
perspectives; (3) propose a compressed domain transcoding hint
generator which takes advantages of intrinsic, low-level
characteristics of MPEG videos. Our work provides a clear
roadmap for implementations embedded on consumer electronics
or multimedia softwares.

II. APPLICATION SCENARIOS AND HIERARCHIES OF
TRANSCODING HINTS

Before devising hierarchies and generation schemes of
transcoding hints, we would like to look into today's
multimedia applications and figured out scenarios within
which transcoding hints could be generated dependently. The
success of MPEG-series standards makes MPEG videos
scattering around the world. These videos reside in content
archives of content providers, VCD and DVD disks, and
personal collections (e.g., home videos), etc. Moreover, due to
the widespread and cost reduction of digital camcorders, more
MPEG videos are generated day by day. The generation of
corresponding transcoding hints makes distribution and
sharing of MPEG videos more easily and efficiently, even in
today’s heterogeneous network and computation surroundings.
We classify MPEG video related applications into three
different scenarios described as follows.

0098 3063/04/$20.00 © 2004 IEEE
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Scenario 1-- Raw Input, Compressed Output:

This scenario refers to those applications involving MPEG
encoding. Examples are professional studio encoders, personal
video recorders (PVR) and software MPEG encoders, etc.

Scenario 2-- Compressed Input, Compressed Output:

This scenario refers to those applications involving MPEG
video processing. Examples include video post-processing,
video editing and video content analysis for indexing,
browsing, and/or searching. These applications take MPEG
videos as inputs, and generate metadata and/or modified
MPEG videos as outputs.

Scenario 3-- Compressed Input, Raw Output:

This scenario refers to those applications performing MPEG
video decoding. Both hardware and software decoders, which
decode MPEG videos coming from network or local storages,
belong to this scenario.

With such application classifications in mind, we defined
generic transcoding hint hierarchies for MPEG videos in an
entity-relationship fashion, as shown in Fig. 1. Importance hint
and spatial resolution hint are semantically determined through
user interactions. The transcoding hint generator is responsible
for generating other hints. Two styles of video representation
are proposed. The sequence-scene-frame style coincides with
human understanding of videos, and is the semantic one. The
sequence-GOP-frame style coincides with internal structure of
MPEQG bitstreams, and is thus structural one. These two styles
of video representation may help for improving efficiency and
accuracy of transcoding in both systematic and user-oriented
ways. The availabilities of different hints depend on the
generation methods used in our transcoding hint generator,
which will be illustrated later.

Another way to look at these hierarchies comes from the
classification of hints, as given in Table I. Such classification
affects the relationship between transcoding hints and video
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Fig. 1: The proposed transcoding hint hierarchy for MPEG videos. The
names of hints have been abbreviated for clarity.

representations. For example, motion hints present both
structural and semantic meanings. Associating motion hints
with the structural video representation helps for those
transcoders requiring re-estimation of motion vectors, while
associating motion hints with semantic video representation
helps for transcoders thinking semantically. This is because
motion hints themselves somewhat stand for intrinsic
importance of each individual scene, rather than those
importance values set externally by the user (maybe the
content provider).

The proposed video representations and associated
transcoding hint hierarchies can be easily implemented in
XML forms and by using the MPEG-7 defined binary
representations.

III. THE PROPOSED COMPRESSED DOMAIN TRANSCODING
HINT GENERATOR

Applications belonging to the aforementioned scenarios 2 and
3 process the MPEG compressed videos for various usages, such
as playback, browsing, editing and transcoding. For these
applications, we proposed a compressed domain transcoding
hint generator that is built upon an MPEG decoder, as shown in
Fig. 2. All information required for generating video
representations and transcoding hints is available just after
performing the VLC decoding module. That is, no de-
quantization, IDCT or motion compensation operations are
involved, and thus the generator operates very efficiently.
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Fig. 2: The architecture of the proposed compressed domain
transcoding hint generator. The gray-shaped modules constitute a
typical MPEG decoder.
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Table I: Classifications of transcoding hints

Structural |Semantic

Motion Hints Yes Yes
Coding |AvgQuantScale Yes Yes
Hints IntraFrameDistance Yes No

AnchorFrameDistance |Yes No
Difficulty Yes Yes
Importance No Yes
SpatialResolutionHint No Yes
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The scene segmentation module divides the entire video
sequence into separate scenes. We adopt a scene change
detection scheme based on macroblock type statistics in B-
frames [3]. The structural video representation is figured out
by inspecting frame coding types and GOP information
embedded in the bitstream. Then, transcoding hints belonging
to individual frames, GOP’s, scenes and the whole video are
generated using the algorithms described below.

A. Algorithms for generating different transcoding hints

Motion range hint: For each predicted frame, we firstly
check if its reference frames are in the same scene. If not, the
motion range hint is not calculated for this frame. Otherwise,
the maximal and minimal values of forward and backward

motion vectors are figured out and denoted as Min, , Max, ,
Min, , Max, , Min, , Max, , Min, , Max, , respectively.

For P-frames, Min_ , Max_, Min, and Max are set to
xp xp yB VB

zero. To account for different frame distances between the
predicted frame and its reference frames, the above values are
normalized as:

NMaxxF =MaxxF /FD ,

NMin, = Min,, /FD,

NMin, =Min, |FD,
YF YF

NMin, =Min, |FD,
YF YF

NMax, = Max,, /BD ,

NMin, = Min, /BD,

NMin, =Min, /BD,
VB VB

and

NMin, =Min, /BD, (D)

where FD is the frame distance between the current frame and
the forward reference frame, and BD is the frame distance
between the current frame and the backward reference frame.
The frame-level motion range hint is computed as:

xLeft =—MAX (NMin, _,NMin, ),
xRight = MAX (NMax, ,NMax, ),
yUp = -MAX(NMin,_,NMin, ),

and
yDown = MAX(NMax, ,NMax, ). 2)

For the whole video, one GOP or one scene, the corresponding
motion range hint is figured out by taking the maximal value
of available frame-level motion range hints of all frames in the
range.
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Motion Uncompensability hint. For each predicted frame,
we calculate the ratio of intra-coded macroblocks over total
macroblocks. This is based on the general rule of typical
MPEG encoders, that is, choosing intra mode when the least
error of motion compensation is still too large. However, the
definition of Uncompensability is not precise in the frame
level. Owing to different frame distances and different coding
modes, different frames have different “capabilities” of motion
compensation in  nature. So, we calculate the
Uncompensability hint only for higher levels. For a GOP, a
scene, or the whole video, the value of the Uncompensability
hint is the average of the predefined ratio values of each
predicted frame in the range.

Motion intensity hint. For each P-frame, we calculate the
average intensity of forward motion vectors. For each B-frame,
average intensities of both forward and backward motion
vectors are calculated. Similar to the generation of the motion
range hint, the frame distance normalization is also performed
here. For B-frames, the average of normalized forward and
backward average motion intensities is then calculated. The
motion intensity of one GOP or one scene is the average of
motion intensities of all frames in the range. Finally, a
sequence-wide normalization is performed such that the
motion intensity value of the most active GOP or scene is 1.0.

AvgQuantScale hint: The calculation of AvgQuantScale hint
for each frame is straightforward. For each frame, the
AvgQuantScale is set to be the average of quantization scale
values of all coded macroblocks. For one GOP, one scene or
the whole video, the AvgQuantScale value is the average of
quantization scales of all frames in the range.

IntraFrameDistance and AnchorFrameDistance hint: These
two hints are figured out for every GOP or scene, by checking
frame coding patterns. If the coding pattern is not regular, they
are just not available. If IntraFrameDistance or
AnchorFrameDistance is not consistent over the entire video, it
is not available in the sequence level.

Difficulty hint: We approximate coding difficulty of each
frame as

Difficulty = Consumed_Bitcount * AvgQuantScale. 3)
GOP-wide, scene-wide and sequence-wide normalizations are

then performed to calculate Difficulty values of all GOP's and
scenes.
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1V. EXPERIMENTAL RESULTS

To validate the applicability of the proposed transcoding
hint generator, we cascaded four novel test sequences, namely,
“container”, “mobile”, “foreman” and “mother and daughter”
into a single video sequence with totally 1200 frames (each
scene is of 300 frames). Fig. 3 shows sample snapshots of
these four scenes. Then MPEG-1 encoding was performed
with the following settings: The number of frames in a GOP is
30 (so each scene spans ten GOP’s); the I/P frame distance is
3; the bitrate is 1,500,000 bps; the motion search ranges are
131 pixels. Let we call the generated MPEG video as “4Seq”.
Table II shows the summarization of generated scene-level
transcoding hints.

G 2\
e

Fig. 3: Sample snapshots of the four scenes in the sequence “4Seq”.

Table II: The summarization of scene-level transcoding hints of the
sequence “4Seq”.

mother
container| mobile | foreman and
daughter
xLeft 31 31 31 31
xRight 31 31 31 31
Motion | yDown 31 31 31 31
Hints yUp 31 31 31 31
Uncomp 0 0 0 0
Inten 0.089 0.337 1.0 0.398
. avgQ 2.69 12.8 4.72 2.03
fl‘i’r‘lit‘sng intraF 30 30 30 30
anchorF 3 3 3 3
Difficulty 0.199 1.0 0.368 0.170

As for the motion intensity hint, Table II reveals that the
scene “foreman” has stronger motion activities than other
scenes do, while the scene “container” has weakest motion
activities. This coincides with the feeling of human observers.
Fig. 4 shows the GOP-level motion intensity hints. The GOP
with the highest motion intensity resides in the scene
“foreman”, at the time that the man waved his arm to the right
and the camera also moved rapidly.
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Fig. 4: The GOP-level motion intensity hints of the sequence “4Seq”.

The motion range hints of the four sequences were detected
to be the same, i.e. 31, for all four directions. This means that
at each scene, there is, more or less, some macroblocks with
motion vectors exceeding the maximal allowable values (31
here). This can be verified by taking frame-level motion range
hints of the scene “container” as an example, which is shown
in Fig. 5.

The IntraFrameDistance and AnchorFrameDistance are
correctly detected as 30 and 3, respectively. As for the average
quantization scale, the scene “mobile” has the largest value
while the scene “mother and daughter” has the least one. Since
the adopted encoder utilizes a constant bitrate rate control
algorithm, such diverse values of average quantization scales
directly correspond to the values of the Difficulty hint
(generated according to (3)). From Table II, it can be seen that
the scene “mobile” is the most difficult to encode, while
“container” and “mother and daughter” are comparably much
more easier to encode. Fig. 6 shows GOP-level difficulty hints.
It can be observed that GOP’s of the second half of the scene
“foreman” have higher difficulty hint values than GOP’s of the
first half do. This is because the second half of ‘Foreman” is
with larger motion and more complex textures.



310

=
-
%
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280
Frame No.
30 I
25
%; 20
% 15 |
10
5 |
0 |
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280
Frame No.
£
<)
a
>
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280
Frame No.
30 F
25 |
20
=)
2 15 |
10
| |
0 Pt I LA L

Ll

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280
Frame No.

Fig. 5: The frame-level motion range hints of the scene “container” in

the video “4Seq”.

e 2
(=} o] —_
!
I
I
I
!
!
I

Difficulty

<
=~

LOARTNRAERCRRAAReRARReRAEtnnnnnnnnnn

© o N 1 0
— — N N N

e
o i
=
—
m—

1
7
10
13

GOP No.
Fig. 6: The GOP-level difficulty hints of the sequence “4Seq”.

IEEE Transactions on Consumer Electronics, Vol. 50, No. 1, FEBRUARY 2004

V. APPLICATIONS

Due to the wide-spreading of DVD and the trend of
HDTV/DTV, most existing video contents are still encoded in
MPEG-2 form. Therefore, the MPEG-2-to-New video
standard (e.g. AVC/H.264) transcoder or vice versa, is
believed to be an indispensable functional module of future
video signal treatments. As shown in [4], the main
functionality addressed by the Media Transcoding Hint DS is
to provide transcoding hints to support the transcoder. This
transcoding hints enable the transcoder to reduce the
computational complexity and to assist the transcoder in (re-)
encoding parameter decisions to preserve visual quality
through the transcoding process. The corresponding
applications include the image resolution reduction for
heterogeneous client devices (e.g. making use of importance
and spatial resolution hint), video transcoder and real-time
transcoder server for video streaming.

VI. CONCLUSION REMARKS

The advantages of using transcoding hints have been
confirmed by experimental reports revealed in MPEG
meetings. It is interesting that all transcoding hints are defined
as optional, and this fact shows that the applicability of
transcoding hints is very different for different media formats
and target applications.

Defining transcoding hints is not to solve obstacles of
transcoding, but to increase quality and/or to reduce
complexity. An intelligent transcoder should have two
alternative configurations: one is without the transcoding hint
and the other uses transcoding hints wisely. Generating
metadata to aid the task of transcoding is of course a positive
idea. It is our belief that generating media-format-dependent
metadata may help more for the task of transcoding than those
general transcoding hints may do. The previous work done in
our laboratory had transferred this idea into a practical and
useful system [5].
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A Low-Cost Media-Processor Based Real-Time
MPEG-4 Video Decoder

Jin-Hau Kuo, Chia-Chiang Ho, Kan-Li Huang, Jim Shiu, Ja-Ling Wu, Senior Member, IEEE

Abstract — Due to the high-speed development in semi-
conductor technology, general-purpose computers can process
digital video, audio and graphics easily. Nowadays, the similar
functionality has shifted from the general-purpose computer to the
so-called media-processor one. Since the processor is targeted on
mass-produced consumer electronics devices, the price and the ease
of use are the main concern. The latest MPEG-4 video coding
standard, which consumes relatively low bit-rate but yields
acceptable quality, meets the target exactly. In this paper, by
realizing an MPEG-4 codec using both general-purpose processor
and media-processor, we investigated some issues related to the use
of a media-processor for satisfying various multimedia compression
and processing requirements. The investigated issues include the
speedup of the MPEG-4 decoder based on a media-processor DSP
chip, a multimedia co-processor or hardware accelerator, the Very
Long Instruction Word (VLIW) and the Single Instruction Multiple
data stream (SIMD) programming techniques. Moreover, a media-
processor based MPEG-4 solution for set-top box applications is
also included'.

Index Terms — MPEG-4, SIMD, VLIW, Performance
measurement, Embedded system.

1. INTRODUCTION

The progress of video compression techniques is getting
mature after years of efforts on developing many standards and
de-facto codecs. The well-known moving picture expert group
(MPEG) has worked out the newest version of video codec, the
MPEG-4 [1], which consumes relatively low bit-rate but yields
acceptable quality, as compared with the widely adopted MPEG-
2 counterpart. Recently, lots of researches [2]-[6] have focused
on how to meet various multimedia compression and processing
requirements based on a media-processor platform. Among
them, realization of the MPEG-4 decoder using a media-
processor is of great interest. The compelling reasons for
adopting this approach are its high flexibility and low cost. A
media-processor based terminal device has to provide cost
effective (based on commodity pricing) execution environment
for video applications because its silicon resources are limited.
This leads to many challenges in designing and programming of
media-processors.
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In this paper, by implementing a realistic MPEG-4 simple
profile plus B-VOP decoder over a specific media-processor
system [7], we investigate a series of important issues related
to the use of a media-processor for satisfying various
multimedia compressions and processing requirements. The
issues we investigated including the speedup of the MPEG-4
decoder based on a specific media-processor DSP chip (such
as a multimedia co-processor or hardware accelerator), the
Very Long Instruction Word (VLIW), and the Single
Instruction Multiple data stream (SIMD) programming
techniques. And finally, a media-processor based MPEG-4
solution for set-top box applications is also included. Our
optimized implementation of an MPEG-4 decoder on the given
DSP chip can support various resolutions up to 4CIF (720 x
576 pixels) at frame rate 30 frames per second (fps).

The paper is organized as follows: In section II, an overview of
the MPEG-4 standard is presented. For comparison, section III
presents a general-purpose processor based MPEG-4 video codec.
The corresponding performance and experimental results are also
included. Based on these results, the investigation of a media-
processor based real-time MPEG-4 video decoder is provided in
Section IV. The corresponding experimental results are shown in
Section V. Finally, section VI concludes this write-up and points
out the directions of our future work.

II. THE MPEG-4 NATURAL VIDEO CODING

Generally speaking, multimedia can be viewed as a
framework for interaction with information from different types
of sources, such as image, video, computer-generated animation,
speech and music. In the last decade, some international
organizations, such as ISO and ITU, had developed various
international standards for representing, delivering, and
accessing different kinds of multimedia sources. However, due
to the fast growing of Internet and web-based interaction,
together with the trend of technical convergence of computer,
communication, and consumer electronics areas, more and more
emerging multimedia applications demand system level
integration. It’s evident that an open and timely standard is
needed. The MPEG committee has foreseen this need and
started the process of standardization of MPEG-4 in 1993. After
six-year development, the first version of MPEG-4 had been
adopted as the ISO/IEC’s standard in October 1998. MPEG-4
Version 2, an amendment of various parts of version 1, had also
been finished in December 2000.

The MPEG-4 standard, with the formal title “Information
Technology —Generic Coding of Audio-Visual Objects”, includes
the following six parts:

0098 3063/00 $10.00 © 2003 IEEE
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Part 1: Systems.

Part 2: Visual.

Part 3: Audio.

Part 4: Conformance Testing.

Part 5: Reference Software.

Part 6: Delivery Multimedia Integration Framework.

In short, MPEG-4 provides the standardized technological
elements enabling the integration of production, distribution and
content access paradigms of the three fields: digital television,
interactive graphics applications, and interactive multimedia
applications. For getting more detailed information about MPEG-
4, references [9]-[11] are highly recommended.

MPEG-4 part 2 (Visual) specifies the coded representations of
natural and synthetic visual objects. There are four types of visual
objects defined in MPEG-4: video objects, still texture objects,
mesh objects, and face objects. Aiming to be a generic standard,
MPEG-4 is defined as a toolbox consisting of various tools such
that different applications can utilize different sets of tools to
accomplish their objectives. In [8], those tools for natural video
coding are designed based on the following three considerations:

(1) Compression efficiency:

This is also the leading principle for developing the MPEG-1 and
the MPEG-2 standards. In MPEG-4, more advanced compression
technologies are added to encourage the developments of new
applications.

(i1) Content-based interactivity:

Instead of using traditional frame-based video coding, object-
based video coding is adopted to provide more efficient
representation, manipulation, editing and scalability of video data.
(iii) Universal access:

Error resilience tools enable MPEG-4 content to be accessed
through error-prone communication environment. Object-based
temporal and spatial scalability tools enabling MPEG-4 contents to
be presented in platforms of various computing or power-
consumption capabilities.

These tools are needed for achieving MPEG-4 simple profile and
will be discussed in section 3. The information about other tools
can be found in [8].

VideoSession (VS)

.
VideoObject (VO) ‘ vo, ’ | vo, m

! T
VOL;...
VideoObjectLayer (VOL) ‘ vorL, VoL, ' ’ ‘

T
T

GOV, ...GOVy

GroupOfVOPs (GOV) Govy Gov, |

VideoObjectPlane (VOP) I VOP; VOPH,J VoP

VOP,...VOP,

VOP; I

VOPj4y...VOPy VOP;,...VOPy

Laver 1 Laver 2

Fig. 1. The logic structure of an MPEG-4 video bitstream [8].
The syntax of MPEG-4 natural video coding [11] is consisted of
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a hierarchical structure, as shown in Fig. 1. The major layers of the
hierarchy are:

B Visual Object Sequence (VS):

This layer provides global configuration information, referring to
the whole group of visual objects that will be simultaneously
decoded and composed by a decoder.

B Video Object (VO):

Video object is one type of visual object. A video object can be
frame-based, or it can have time-varying arbitrary shapes.

B Video Object Layer (VOL):

Each video object can be represented in non-scalable or scalable
form. For scalable form, a video object is encoded using at least
two video object layers: one base layer and one enhanced layer.
Both temporal and spatial scalabilities have been defined.

B Video Object Plane (VOP):

Each video object is sampled in time, each time sample of a video
object is called a "video object plane". Video object planes can be
grouped together to form a "group of video object plane", which is
optional. A "frame" in MPEG-1 and MPEG-2 can be viewed as a
rectangular VOP in MPEG-4.

B Video Packet, Macroblock (MB), and Block:

Video packet is similar to "slice" defined in MPEG-1 and MPEG-
2, or “GOB” defined in H.263. Variable number of macroblocks
compose a video packet and fixed number of blocks composes a
macroblock. And each block consists of 0 to 64 (8x8) color
samples.

In MPEG-4 video, macroblock information is divided into three
parts: shape information, motion information and texture
information. These three parts are coded separately. A simplified
video decoding process is shown in Fig. 2.

video_object_layer_shape

Coded Bit Stream
(Shape) Shape

Decoding Previous

Reconstructed

VoP

(Coded Bit Stream
(Motion)

—» Motion
Compen-
sation

\—> VOP

Recon-
struction

Motion y >

Decoding

o

efnultiplexer

Coded
Bit Stream

Variable
Length —>
Decoding

Inverse

Scan
L Inverse
DC & AC > IDCT

Inverse
Ma .
Prediction uantization

(Texture)

Texture Decoding

Fig. 2. A simplified MPEG-4 Video Decoding Process.

III. AN IMPLEMENTATION OF MPEG-4 SIMPLE PROFILE
NATURAL VIDEO CODEC ON GENERAL-PURPOSE
PROCESSORS

Before investigating and implementing an MPEG-4 simple
profile decoder on a specific media-processor, we first realize
it on a general-purpose processor (such as the CPU of personal
computer). This work is of two purposes: First, most of the
media-processors lack for a wuser-friendly debugging-
environment. This fact causes difficulties in programming and
debugging. Thus, we first implement a modularized MPEG-4
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natural codec using Microsoft Visual C++ 6.0 on Intel Pentium
Processor, with Microsoft Windows operation system. The
Microsoft Visual C++ provides a convenient and powerful
programming environment. It can assist us in developing a
prototype of MPEG-4 video codec, in algorithm level, very
quickly. Second, from the performance profile (in terms of
computation complexity) of each module, we can find the
bottleneck of the implementation, and then, optimize the
corresponding modules, in algorithm level, so as to speed up
the overall system.

The realized simple profile natural video coder consists of
three sets of coding tools, namely, short header tools, basic
tools, and error resilience tools. The simple profile codec
provides efficient and error resilient coding for rectangular
video objects, and therefore, is suitable for applications in
mobile environment.

3.1 Short Header Tool

Short Header tool provides the minimum set of syntax for
coding rectangular video objects. This syntax is very similar to
that of the H.263. Other tools defined in the MPEG-4 simple
profile are disabled when Short Header tool is used.

3.2 Basic Tools

Basic tools of the simple profile address the issue of
compression efficiency.
3.2.1I-VOP and P-VOP

In the simple profile, B-VOP’s are forbidden. Advantages
of using only I-VOP’s and P-VOP’s include small memory
requirement, low end-to-end delay and low complexity, which
are desirable features for applications reside in low computing
and low power consumption surroundings. Only two frame
buffers are required for both encoder and decoder: one for
decoding and another for motion estimation/compensation
referencing. For coding efficiency, we have implemented the
B-VOP tool. Adding this feature needs one more buffer to
store the averaged reference frames.

3.2.2 AC/DC Prediction

Not surprising, each 8x8 block is transformed into DCT
domain in MPEG-4, followed by a quantization process.
MPEG-4 specifies two methods for quantization. The first one
is similar to that of the MPEG-1/2, using two separate
quantization matrices respectively for inter and intra blocks.
The second one is similar to that of the H.263, using the same
quantization step for all AC’s. If Short Header tool is used,
DC’s are quantized using a fixed quantization scale of value §;
otherwise, non-linear scales, based on the quantization steps
used for all AC’s, are used to quantize the DC’s.

Intra DC’s are coded differentially, as were done in many
popular image or video coding standards, to increase
compression efficiency. In MPEG-4, the predictor for one DC
is adaptively selected, based on the comparison of horizontal
and vertical DC gradients, as shown in Fig. 3.

MPEG-4 also defines the predictors for the first row or the
first column of AC coefficients. The predictors are taken from
the co-sited coefficients of the candidate blocks. The candidate
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block is the same block of the DC predictor. Fig. 4 illustrates
this idea. To compensate for differences of the quantization
steps used in the current block and the predicting block,
appropriate scaling of prediction coefficients is required. To
implement AC/DC Prediction tool, both our encoder and
decoder buffers some information of each block in the last
horizontal block line of the current frame. The needed
information includes the DC, the prediction direction of DC,
the first row and the first column of AC’s, and of course the
quantization step size.

EE
on i
A X Macroblock

Fig. 3. If the difference between DC(A) and DC(B) is smaller than that
between DC(B) and DC(C), the predictor for DC(X) is DC(A); otherwise
the predictor is DC(C).

Macroblock

Fig. 4: If the DC predictor of block X comes from block A, the first
column of AC’s in X are predicted by the co-sited AC’s come from block
Aj; otherwise, the first row of AC’s in X are predicted by the co-sited
AC’s come from block C.

3.2.3 4-MV and Unrestricted MV

Motion compensation (estimation) in the simple profile is
nothing new, as compared to what MPEG-1/2 and H.263 are
specified. The 4-MV tool gives every 8x8 block a motion
vector, while the Unrestricted MV tool permits reference
macroblocks or blocks to be not fully located in a frame
region. Motion vectors are differentially coded, and each
predictor is generated by taking the median of three motion
vectors coming from neighboring macroblocks (or blocks, if
the 4-MV Tool is used). The selection of candidate motion
vectors in MPEG-4 is the same as that of the H.263, but the
median operations defined by MPEG-4 and H.263 are slightly
different from each other.

To implement the Unrestricted MV tool, the frame buffers
are allocated two macroblocks larger, in both width and height,
than the actual size of each frame. Proper stuffing is done for
outliner pixels. The enlarged frame buffer is then used for
motion estimation.

To implement the 4-MV tool, the decoder takes ‘block’ as
the motion compensation processing unit, while the encoder
performs traditional motion estimation algorithm for each
macroblock, followed by a “local search around” process to
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find the proper motion vector of each block.

To implement differential coding of motion vectors, the
motion vectors of the macroblocks (blocks) in the last encoded
macroblock (block) line are buffered.

3.3 Error Resilience Tools
3.3.1 Resynchronization

In MPEG-4, resynchronization is based on video packets.
Each VOP is divided into video packets; each video packets
can be decoded independently, that is, without the need of any
information from any other video packets in the same VOP.
This seems similar to the slice or the GOB approaches adopted
in MPEG-1/2 and H.263, respectively. Notice that, MPEG-4
inserts resynchronization markers into the video packet
headers of the bitstream, when approximately a constant
number of bits are generated. That is, owing to variable bit-
rate nature when encoding macroblocks in a frame, high
motion regions (which consume more bits) will be protected
more strictly, as compared to those low motion regions. The
experiments performed on MPEG-4 showing that this
arrangement is more efficient than that of the MPEG-1/2 or the
H.263.

To realize the Resynchronization, our encoder keeps in
mind how many bits have been generated since the start of
encoding of the current video packet. The bit count is checked
every time when one macroblock is encoded: when the pre-
defined budget is reached, the current video packet is
terminated and a new video packet is started. The field of
header extension code (HEC), in the header of the new video
packet, is set to one so that the information necessary for
independent video packet decoding is added.

3.3.2 Data Partitioning

The Data Partitioning tool separates the motion and
macroblock header information away from the texture
information. An additional resynchronization marker is
inserted between these two parts of information. If the texture
information is attacked by errors, the motion information can
still be used to reconstruct the macroblocks, which do not have
texture information, by using motion compensation only.

A typical video encoder encodes macroblocks one by one,
but this paradigm won’t work when data partitioning is a must.
To implement the Data Partitioning tool, our encoder buffers
motion information, macroblock header information and
texture information of each macroblock in the same video
packet, by managing a linked list of macroblock information
buffers. To handle the enabling of the Resynchronization, a
pseudo-encoding phase is needed for each macroblock, so that
we can know how many bits will be generated when encoding
that macroblock. This idea is realized in the VLC module,
which accumulates only bit counts during pseudo-encoding
phases, but not generating real bitstreams. When the number of
macroblocks of the current video packet is determined by the
Resynchronization, the encoder can then start generating real
bitstreams by encoding macroblock contexts.

3.3.3 Reversible VLC
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The Reversible VLC (RVLC) tool is a data recovery tool,
whose codewords are designed such that they can be decoded
from both forward and backward directions. In MPEG-4,
RVLC is applied only to the quantized DCT coefficients.
When the Data Partitioning tool is enabled and some errors
occurred in the texture information portion of a video packet,
the RVLC tool helps to decode more valid texture information
located after the last error, by using backward decoding mode.

The enabling of RVLC is defined in the syntax of a VOL
header. Our encoder supports texture encoding, using RVLC
table, by providing function pointers to select from two kinds
of VLC’s.

3.4 Modularized Codec Implementation
Our codec is implemented by modularizing primary
functional blocks used in the encoder and the decoder.

The modules specifically defined for the encoder include:

B Input raw file manipulator:

Feeds raw images one by one into the frame buffer of the

encoder.

B OQutput bitstream writer:

Collects bits generated by VLC encoder and syntax generator,

and writes out bitstream into file upon proper time.

B VLC encoder:

Performs VLC encoding using internal fixed VLC tables.

L DCT module and Quantizer:

Performs DCT transformation and quantizes the transformed

results to yields coefficients for each intra or inter block.

B Motion estimator:

Performs motion estimation for each macroblock (or block).

B Syntax generator:

The driven module of the encoder. Syntax generator calls other

modules to prepare data for filling fields defined in the syntax

of MPEG-4, to control the data flow, and to write out bitstream

into the output file.

The modules specifically defined for the decoder include:

B Input bitstream file dispatcher:

Manipulates input bitstream file and provides specific bits

required by VLC decoder and syntax parser.

| Frame display:

Displays decoded frames on the screen.

B VLC decoder:

Performs VLC decoding using table-lookup.

B Syntax parser:

The driven module of the decoder. Syntax parser calls other

modules to decode field values, to reconstruct macroblocks,

and to display decoded frames.

The modules shared by the encoder and the decoder are:

B IDCT module and Dequantizer:

Performs dequantization and IDCT to yields spatial domain

pixel values or residue data.

| Motion compensator (MC):

Performs motion compensation for each macroblock (or block).

B Macroblock information buffer manager (MIBM,
activated when Data Partitioning tool is enabled):

MIBM allocates and de-allocates buffers for dealing with
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macroblock information. It also maintains a link list of buffers
so as to provide necessary information in order, when
bitstream  generation (encoder side) or macroblock
reconstruction (decoder side) is needed for processing each
macroblock of the current video packet.

3.5 Codec Optimization

In our realization, four time-consuming functional blocks,
namely, DCT, IDCT, motion compensation (MC), and SAD
(sum of absolute difference) calculation used in motion
estimation module, are implemented using MMX and SSE
technologies provided by the Intel Pentium II and Pentium III
CPUs [12].

3.6 Experimental Results

Our MPEG-4 natural codec plus B-VOP is implemented
using Microsoft Visual C++ 6.0, and is tested on a PII-400 PC
platform, with Microsoft Windows operation system. The
tested sequences are taken from typical H.263, MPEG-1 and
MPEG-4 test sequences, such as “Grandma”, “Football”,
“Table Tennis”, and “Akiyo”.

3.6.1 Encoder

A simple user interface of our encoder is shown in Fig. 5.
The encoder accepts raw files (Y:Cb:Cr, 4:2:0;
QCIF/CIF/ACIF in size) as input, and outputs related bitstream
files. User can enable or disable some tools defined in the
simple profile. Table I shows the resultant file sizes when
encoding different input files by using different coding modes.
“Grandma” and “Akiyo” are head-and-shoulder sequences,
“Table Tennis” is a low motion sequence, and “Football” is a
high motion one. It can be observed that enabling Data
Partitioning and RVLC tools will increase the bitrate by no
more than 5%, and the increased amount gets smaller when the
bitrate getting lower. The encoding of “Football” sequence
requires larger bit-counts, owing to its fast motion nature.
Constant bit-rate control of the encoder is under development,
which will help us for reducing bitrate while maintaining
compromising video quality. In this way, we can generate lots
of testing bitstream files that will be used as inputs for testing
the performance of the following media-processor based
MPEG-4 video decoder.

Table I: Bitstream sizes (KBytes) of 4 test video sequences under two
kinds of coding methods and three different average quantizer steps.

Sequence Coding mode
Short Header disabled, No data partitioning Data partitioning and RVLC
and RVLC
AvgQ=4 AvgQ =12 AvgQ=20 AvgQ=4 AvgQ =12 AvgQ=20
Grandma (QCTF, 235 7 a7 247 82 49

150 frames)
Football (CTF, 125 3743 1310 763 3601 1356 789
frames)
Table tennis (CTF, 1746 613 345 1824 638 360
112 frames)
Akiyo (4CTF, 300 2919 1184 858 3041 1210 874
frames)
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3.6.2 Decoder

A simple user interface of our decoder is shown in Fig. 6.
The decoder accepts bitstream files generated from the
encoder, and playbacks the video without frame rate control.
The top title bar of the decoder shows the average frame rate
of the current decoding bitstream file. Table II shows the
execution time for decoding various bitstream files. It can be
seen that our decoder can do real-time decoding for typical
CIF sequences, and have the ability of decoding 4CIF videos
at about 10 frames per second. Notice that only the execution
time of the decoding kernel is taken into consideration. The
experimental results reveal that we need a Pentium II level
general-purpose processor plus a media-processor to decode
4CIF video sequence in real-time.

Table II: Average frame rates (frame/sec.) of the realized decoder for
decoding various bitstreams. For each x/y in the table, x is the total
elapsed time, and y is the time not taking the execution time of color
conversion and frame displaying into account.

Sequence Coding mode
Short Header disabled, No data partitioning and Data partitioning and RVLC
RVLC
AvgQ=4 AvgQ=12 | AvgQ=20 | AvgQ=4 | AvgQ=11 | AvgQ=120
Foofball ccipy  15/22 441 30/57 14121 /% 29/52
Table tennis(CIF)  20/32 32/65 38/83 19/31 30/57 39/87
Akiyo ©CIFY 11/26 13/37 13/40 10/20 1114 11124

A simple profile video codec founds the basis of an MPEG-
4 video coding application. To implement a robust MPEG-4
decoder, the error resilience tool is the only challenging work.
Efficient error detection and data recovery require elaborate
consideration. As for the encoder, 1) appropriate bit rate
control scheme, 2) fast motion estimation algorithm for
advanced prediction mode, and 3) code-level optimization are
the keys to implement a robust and efficient MPEG-4 encoder.
In general, such codecs should be implemented with
modularization concept, enabling easy integration with
additional tools defined in other profiles and other parts of
MPEG-4. So that many multimedia applications, based on
MPEG-4, can be constructed accordingly.

File Format CodinghMode Encode Help

Fig. 5: The user interface of the proposed MPEG-4 video encoder.
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Fig. 6: The user interface of the proposed MPEG-4 video decoder.

IV. IMPLEMENTATION OF AN MPEG-4 SIMPLE PROFILE
VIDEO DECODER ON A MEDIA-PROCESSOR

Two years ago, we investigated several issues centered on
the MPEG-1, 2 video decoders equipped with the Intel MMX,
SSE instruction sets [12]. According to our previous findings
and experiences, we try to speed up the MPEG-4 decoder over
a specific media-processor. Since our goal is targeted on a
low-cost media-processor based real-time MPEG-4 video
decoder, the cost, the performance, and the ease of use are the
main concerns. Obviously, the specific media-processor is
cheaper than the general-purpose processor because of its
limited functionalities. Nowadays, there are lots of documents,
supports, and even discussion groups, to exchange the
technical information and concrete experiences concerning on
the usage of various media-processors, in the Internet [7], [13].
Those documents and Web-sites provides useful information
for us to investigate issues related to the development of
multimedia applications based on media-processors.

4.1 Overview of the Media-Processor
4.1.1 Hardware Architecture of the DSP Chip

The core of the target chip is a CPU with VLIW architecture
[7]. Tt is a 32 bits CPU with 128 registers running under
100MHz or 150MHz clock rate. It has 32K instruction cache
and 16K data cache using eight-way associative cache
organization. Due to hardware simplicity, it is designed as a
load-store machine. Besides the core VLIW CPU, the
processor also has an Image Co-Processor to deal with the
image interpolation and color conversion, an Video In/Out
module to deal with the video digital-to-analog and analog-to-
digital conversions, an Audio In/Out module whose function is
the same as that of the Video In/Out module, and some other
core modules for simplifying the developments of various
multimedia applications.

4.1.2 Instruction Set Architecture

Three Level operators are supported by the processor:
Instructions, Operations and RISC operations. At most five
operations can be issued in a single instruction per cycle (c.f.
Fig. 7). Because of limited function unit and instruction
constraints, operations issued in a single instruction cycle
usually less than five. The computational operation limits and
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classifications are shown in Fig. 8. In order to support
multimedia applications, there are some built-in SIMD
operations on the chip to enhance its performance.

Instruction

|
T 1
Operation 3

Operation4 | Operation §

‘ Operation 1 ‘ Operation 2
N —=
N -

\
N Cyden -~
1 [l

Fig. 7: The characteristics of the Instruction Hierarchy.
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Fig. 8: Operations’ Classifications and Limits [7]

4.1.3 Memory Architecture

The memory architecture of the target processor consists of
a two level memory hierarchy, and there is only one cache
between the CPU and the main memory. The main memory
uses SDRAM and the cache is on-chip. The memory system
uses 32 bits to address data in cache or in memory. There are
two separate caches: instruction cache and data cache. They
have different sizes (32K bytes for instruction cache and 16K
bytes for data cache) and access ports (2 for data cache and
one for instruction cache). On the other hand, there are also
some common characteristics, such as 8-way associative, 64
bytes per block, 1 valid bit and 1 dirty bit per block, between
them. In more detail, data cache has two ports which can
support two accesses concurrently, and uses copy-back,
allocate-on-write, critical-word-first transferring, and hierarchy
LRU algorithms as cache miss and replacement policies.

4.1.4 Software Development Environment

The target processor provides a set of software development
tools including compiler, performance tuner, scheduler,
assembler, linker, loader, data books, simulator, profiler, and
some utilities applicable for software development.

This development kit [7] supports some programming styles,
such as C/C++, decision tree, and assembly. We only use
C/C++ and assembly to re-write and evaluate our MPEG video
decoder. In our work, we adopt some tools in that development
kit, such as compiler driver, simulator, and profiler to develop
and evaluate our task. The text editor we used to write code is
just as simple as that of the UltraEditor.

4.2. The Performance Optimization of the Media-
Processor based MPEG-4 Video Decoder
4.2.1 The Speedup of the MPEG-4 decoder
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The steps of acceleration can be considered as hierarchical
stages, shown in Fig. 9. From top to bottom are the stages of
Algorithm, Instruction Set and Assembly Levels, respectively.
As expected, based on our previous research [12], the IDCT
and the MC are the two most processing-intensive tasks. The
performance profile is obtained by porting a pure C-language
coded non-accelerating MPEG-4 decoder on the media-
processor, directly.

In the Algorithm Level, we focus on the methodologies of
developing fast algorithms for time-consuming modules (e.g.,
IDCT), parallel computing techniques (e.g., VLIW, SIMD
instructions), and some other C code optimization skills to
increase the performance gain. For IDCT, we apply the fast
DCT-SQ scheme [14] and extend it to 2-D as what has been
done it [12]. IDCT is a time-consuming module done for every
block (there are 8x8 pixels per block). The following gives a
general idea about its complexity.

For one I-VOP of a video sequence with picture size
720x480 pixels (4:2:0), the number of blocks is 8100
(720x480/64 + 720x480/256 + 720x480/256). For the brute-
force 1-D and 2-D IDCT algorithms [15], the required
numbers of multipliers and additions are 64, 56, and 1024,
896, respectively. For the fast 1-D and 2-D IDCT algorithms
[14], the corresponding numbers of multipliers and additions
are 13, 29, and 60, 462, respectively. The performance gain of
the fast IDCT algorithms is quite amazing.

Algorithm level

fast algorithm for time-consumed
modules, paralled and pipelining
computing...

Instruction set level

using the compiler tools supported
by the dedicated DSP, modifing the
algorithms based on the dedicated
instruction set supported by the
DSP...

Assembly level

making up for the drawbacks
caused by the compiler, rewriting
the time-consumed modules in
assembly code...

Fig. 9: The hierarchy stages of acceleration and the related
methodologies

A 1-D DCT-SQ based IDCT algorithm needs 8+5
multiplications (8 for constant pre-multiplication with 8 input
data), and 29 additions. We extend it to 2-D IDCT [11], and
then optimize it further using VLIW and SIMD programming
skills. The resultant 2-D IDCT algorithm just needs 60
multiplications and 467 additions. This part will be described
in more detail in the stage of Instruction Set Level. On the
other hand, for matrix transposing during execution of 2-D
IDCT, we adopt in-place matrix transpose, instead of doing
real matrix transposition.

Since the target media-processor possesses a VLIW core,
which can issue 5 operations in each cycle. Which means,
usually, there is enough room for filling in some time slots,
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without impacting on the total number of cycles. In some
cases, it may be more efficient to schedule two unrelated
operations in the same instruction cycle than the one with a
longer latency and no-operations (nops). Thus, doing unrelated
operations concurrently would increase the parallelism of
computation, and therefore, improving the overall
performance.

The existence of a branch is a big factor that will affect the
performance. Branch may arise in a function call or one
decision point (e.g., IF, While conditional operations). When a
branch occurs, all present status need to be stored in order to
continue the execution correctly when the branch terminates.
In order to lower the number of conditional branches, one can
use the scheduler to add a predicate field to any assembly
operation. The field is implemented by using a flag, usually
named guard. The guard instruction is a *“meta-instruction”
that does not modify the state of the CPU directly but instead
may modify the subsequent instructions read by the system.
The operation executes only if the guard flag is true. With
guarding, one can also allow or prevent the execution of an
operation using the same condition that would determine the
outcome of a conditional branch. For performance gain, we try
to lower the occurrence of branches by merging some related
functions together and replacing the branch operations by
guard operations. For a C-level operation ‘IF v E1, else E2’, if
the guard is known to depend on the first order bit, one can use
the machine level pseudo operation ‘mux’ instead. For
example, if the variable v is constrained to be 0 or 1, one can
replace MUX(v =0, E1, E2 ) by mux(v, E1 , E2 ), for saving
a cycle. We also merge some functions, such as functions for
processing ~ AC  coefficients into  one  function
ac_rescale recon_store, to reduce the branch overheads
caused by function calls. The performance gain of this
approach is impressive.

In the Instruction Set Level, we use high-level instruction
sets, named customer operations (custom ops), instead of
writing assembly codes directly. The customer ops are C-level
functions and can be mapped to low-level assembly operations
directly. That means, by using customer ops, we can force the
compiler or assembler to use the corresponding assembly
instructions correctly. The same capabilities of C-level based
MMX and SSE functions are also supplied by Intel. Therefore,
we can conduct the optimization task more easily and discard
operation schedulings, like stall, issue, and debugging
problems.

As prescribed in the Algorithm Level, we apply the VLIW and
SIMD instruction sets to optimize the IDCT module [11], further.
In order to use SIMD instructions (two 16-bits operations
concurrently), we adopt a 2-byte signed integer data type to
calculate the IDCT. Thus the floating-point operations can be
eliminated, but the precision of the output data is also reduced.

MC is also a time-consuming module of the decoding process.
MC is carried out for every no-intra coded macroblock (16x16
pixels per macroblock). Due to half-pixel motion compensation is
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also supported by the MPEG-4 video standard, some
interpolations must be executed during the decoding process.
However, it is also a processing-intensive task. For this module,
we adopt the loop unrolling and the SIMD instructions to improve
the performance. By unrolling MC module, we can schedule it
onto VLIW architecture more compactly. That means the five
operation slots are almost fully issued. The following is the pseudo
code for block motion compensation and interpolation of the MC
module.

CopyBlock(Src, Dst, Stride){
int dy;
long *1Src = (long *) Src; //for SIMD operation
long *IDst = (long *) Dst; // for SIMD operation
for (dy =0; dy <8; dy++) {
IDst[0] = FUNSHIFT(ISrc[1], 1Src[0]);
IDst[1] = FUNSHIFT(ISrc[2], ISrc[1]);
ISrc += Stride;
IDst += Stride;
}

}
CopyBlockH(Src, Dst, Stride){

int dy;
long *1Srcl;
long * 1Src = (long *) Src; //for SIMD operation
long *IDst = (long *) Dst; //for SIMD operation
for (dy =0; dy <8; dy++) {
ISrc1=ISrc+Stride;
IDst[0]=FQUADAVG(FUNSHIFT(ISrc[1],1Src[0]),
FUNSHIFT(ISrc[1], 1Src[0]));
IDst[ 1][FQUADAVG(FUNSHIFT(ISrc[2],1Src[1]),
FUNSHIFT(ISrc[2],1Src[1]));
ISrc=ISrcl;
IDst+=Stride;
}

}
CopyBlockV(Sre, Dst, Stride){

int dy;
long t0, t1, t2, *ISrcl;
long *1Src = (long *) Src; //for SIMD operation
long *IDst = (long *) Dst; //for SIMD operation
for (dy = 0; dy <8; dy++) {

ISrc1 = 1Src + Stride;

t0 = QUADAVG(ISrc[0], 1Src1[0]);

tl = QUADAVG(ISrc[1], ISrcl[1]);

t2 = QUADAVG(ISrc[2], ISrc1[2]);

IDst[0] = FUNSHIFT(t1, t0)

IDst[1] = FUNSHIFT (t2, t1)

ISrc =1Srcl;
IDst += Stride;
}

}
CopyBlockHV(Sre, Dst, Stride){

int dy; long t0, t1, t2, *ISrcl;
long *ISrc = (long *) Src;
long *IDst = (long *) Dst;
for (dy = 0; dy <8; dy++) {

ISrc1 = 1Src + Stride;

t0 = QUADAVG(ISrc[0], 1Src1[0]);

tl = QUADAVG(ISrc[1], ISrcl[1]);

t2 = QUADAVG(ISrc[2], ISrc1[2]);
IDst[0]=QUADAVG(FUNSHIFT(t1,t0), FUNSHIFT(t1,t0))
IDst[1]=QUADAVG(FUNSHIFT(2,t1), FUNSHIFT(2,t1))
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ISrc =1Srcl;
IDst += Stride;
}

}

Table IIT shows the SIMD instructions we used in IDCT and
MC modules, respectively. The functionality and purposes of the
corresponding SIMD instructions are also shown in Table III. As
compared to the well-known multimedia instruction sets, such as
MMX and SSE, some frequently used SIMD instructions but not
provided by the media-processor are also specified in Table III.
Some overheads are resulted from the incompleteness of SIMD
instructions. The comparisons and experiment results can provide
us a hint towards the solution of designing a single chip MPEG-4
decoder.

Table III: The SIMD instructions we used in (a) IDCT and (b) MC
modules. The functionality and purpose of the corresponding SIMD
instructions are also shown. The gray rows specified some frequently
used SIMD instructions but not provided by the media-processor, as
compared to the well-known multimedia instruction sets, such as MMX
and SSE, provided by the Pentium II and III CPUs.

Data Type : 16 bits signed integer Operation

Operation (customer ops) | Yes | No Purpose
DSPIDUALADD ¥ Dual clipped add of signed 16-bit halfwords
DSPIDUALSUB ¥ Dual clipped sub of signed 16-bit halfwords
PACK16MSB ¥ Pack most-significant 16 bits
PACKI6LSB ¥ Pack least-significant 16 hits
DUALASR ¥ Dual-16 arithmetic shift right
DITETAGT J Dual-16 arithmetic shift left
( use bit-shift operation to simulate this operation )
IFIR16 ¥ Sum of products of signed 16-bit halfwords
Dual clipped and multiply of signed 16-bit halfwords and dual
DUALMULMSB i get most-significant 16 hits
( use IFIR16 and PACK16MSB to simulate this operation )

(@

Data Type : 8 bits signed or unsigned integer Operation

Operation (customer ops) | Yes | No Purpose
QUADAVG | Unsigned hyte-wise quad average
FUNSHIFT1 | Funnel-shift 1-byte
FUNSHIFT2 { Funnel-shift 2-byte
FUNSHIFT3 { Funnel-shift 3-byte
DSPUQUADADDUIL | Quad clipped add of unsigned/signed hytes
DUALICLIPI | Dual-16 clip signed to signed
QUADD { Unsigned byte-wise quad add
(not supported by TriMedia™ DSP chip )
QUADAVGN { Unsigned byte-wise quad average without add one for rounding
(not supported by TriMedia™ DSP chip )

(b)

In the Assembly Level, we inspect the assembly codes
generated by compiler and assembler. By making use of the
register renaming method, we can save more execution cycles
to improve performance.

4.2.2 The co-processor based acceleration
The Image Co-Processor (ICP) of the target media-
processor can be considered as an on-chip data highway to
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perform SDRAM block read and write actions. It usually
connects to the PCI interface to allow block write transactions
across PCI. In the media-processor we selected, the ICP
provides the functions of filtering, resizing (scaling) and YUV
to RGB conversion of the source image. Filtering supports
image enhancement. Scaling generates a new image that is
larger or smaller than the original image. The YUV to RGB
conversion is used to generate an RGB version of the image
for outputting a frame buffer through the PCI interface or to a
SDRAM. On account of all the ICP functions, data can be
moved and transformed from memory to memory or from
memory to the PCI bus. Hence, the CPU of the media-
processor can use the ICP in a time-sharing manner to
simultaneously achieve the prescribed functions. We make use
of the ICP to scale the video fitting the size of monitor screen
or TV. By utilizing the ICP functions, we can reduce the load
of the media-processor CPU and gain performance.

V. EXPERIMENTAL RESULTS

Table IV and V show the execution time for decoding
various Dbitstream files without and with optimization,
respectively. The Max value denotes the maximal time for
decoding one frame in the corresponding sequence. It occurs
usually in I-VOP and IDCT modules. By observing the Max
values, we can evaluate the performance gain of the IDCT
module. The Kernel value means that only the execution time
of the decoding kernel is taken into consideration. It can be
seen that the proposed decoder can do real-time decoding for
typical CIF sequences, and have the ability of decoding typical
4CIF sequences at about 29 frames per second.

Table 1V: The execution time for decoding various bitstream files
without optimization. The Max value denotes the maximal time for
decoding one frame in the corresponding sequence. The Kernel value
means that only the execution time of the decoding kernel is taken into
account.

Video Sequence |fps Max
Outbreak 1001/73.07s 187ms
(4CIF, —13.691ps
1001 frames)
CominBack
(512x384
2174 frames)
Crash
(512x384
1754 frames)
LastStop
(512x384
2760 frames)
Radius
(640x352
2400 frames)

Kernel
72544ms

Average
T2Zms

2174/95.93s
=22 661ps

153ms 42ms 90424 ms

1754/73.72s
=23.79fps

105ms 40ms 71208ms

2760/109.38s
=25.231ps

136ms 37ms 103178ms

2400/145.865
=16.45fps

160ms 54ms 130537ms
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Table V: The execution time for decoding various bitstream files with
optimization.

Video Sequence |fps Max
Outbreak 1001/33.84s 58ms
(4CTF, —29.581ps
1001 frames)
CominBack
(512x384
2174 frames)
Crash
(512x384
1754 frames)
LastStop
(512x384
2760 frames)
Radius
(640x352
2400 frames)

Kernel
20922ms

Average
20ms

2174/72.48s
=29.99fps

48ms 13ms 29289ms

1754/58 455
=30.01fps

29ms 13ms 22881ms

2760/92.02s
=29.99fps

41ms 12ms 33538

2400/80.30s
—29.891fps

51ms 16ms 40473ms

VI. APPLICATIONS

Over the last decade, the slow adoption of broadband as
well as the expense and quality of content delivery has
hampered the efforts of offering high-quality network services.
But in recent years, as the broadband era is coming, more and
more information including videos will be transferred among
various networks. The cable and ISP industries have sought to
offer  high-quality  video-on-demand and interactive
entertainment services to users.

By cooperating with a set-top box developing term, we have
also investigated the possibility of using media-processor
based MPEG-4 decoder in set-top box related applications. A
prototype of low-cost PCI I'F MPEG-4 decoder card has been
realized. Fig. 10 shows a picture of the completed MPEG-4
decoder card. The card can support for bit rates from 16 Kbps
to 10 Mbps and resolutions up to 4CIF (720 x 576) at 30 fps.
The corresponding applications include the broadband set-top
box accessing, broadband video streaming and high quality
surveillance.

Fig. 10: The picture of the completed PCI MPEG-4 decoder card.

VII. CONCLUSION AND FUTURE WORK

In this paper, by implementing a realistic MPEG-4 simple
profile decoder, over a specific media-processor, we have
investigated a series of issues related to the use of a media-
processor for satisfying multimedia compression and
processing requirements. Further, we compared the instruction
sets provided by the general-purpose processor, which shows
the incompleteness and the further requirements in VLIW and
SIMD instruction sets. The comparisons and experiment
results can provide a hint towards the solution of designing a
single MPEG-4 chip. To cooperate with a set-top box
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developing term, a powerful MPEG-4 decoder PCI card for
Set-top box Streaming Applications has been realized.

More tools, defined in the MPEG-4 core and advance
simple profiles, such as 1/2 quantization, interlace, global
motion compensation, and 1/4 pixel motion compensation, will
also be investigated and implemented in the near future.
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This project have developed two techniques: (1) the 3D workbench for MPEG-4 scene
and animation construction and (2) query by example in 3D, which support the proposed
systems: Interactive Information Media Service System and Home Media Center in the
collaborated NSC project titled with Content Engineering: Research on MPEG-4/7
Multimedia Technologies.

In order to quickly create abundant 3D scenes and animation, it is important to have a
convenient user interface, such as force-feedback space arm and 3D tracker with an
immersive display environment. When using force-feedback space tracker, collision detection
and mechanics in 3D scene must be taken into account. Therefore, the techniques of 3D
Workbench for MPEG-4 Scene and Animation Construction include: collision detection,
multi-resolution space partition, 3D painting on mesh surface, and force-feedback scene
editing.

The proposed technique Query by Example in 3D is to fulfill the application Home
Media Center, proposed in the collaborated project, so that user can search and retrieve not
only images, audio and video, but also 3D models. Nowadays, more and more 3D virtual
reality contents are created, so how to manage and storage them becomes a crucial issue.
Therefore, we develop an automatic or semi-automatic searching and indexing system for 3D
model retrieval. This system use MPEG-7 techniques.

Keywords: MPEG-4, Virtual Sculptor, 3D Modeling, Extended Marching Cube,
Tangent-Plane Force Model, MPEG-7, 3D Model Retrieval, Light Field Descriptor,
Orthogonal Visual Hull.
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Abstract

A large number of 3D models are created and available on the Web, since more and more 3D modelling and
digitizing tools are developed for ever increasing applications. The techniques for content-based 3D model re-
trieval then become necessary. In this paper, a visual similarity-based 3D model retrieval system is proposed.
This approach measures the similarity among 3D models by visual similarity, and the main idea is that if two 3D
models are similar, they also look similar from all viewing angles. Therefore, one hundred orthogonal projections
of an object, excluding symmetry, are encoded both by Zernike moments and Fourier descriptors as features for
later retrieval. The visual similarity-based approach is robust against similarity transformation, noise, model de-
generacy etc., and provides 42%, 94% and 25% better performance (precision-recall evaluation diagram) than
three other competing approaches: (1)the spherical harmonics approach developed by Funkhouser et al., (2)the
MPEG-7 Shape 3D descriptors, and (3 )the MPEG-7 Multiple View Descriptor. The proposed system is on the Web
for practical trial use (http://3d.csie.ntu.edu.tw), and the database contains more than 10,000 publicly available
3D models collected from WWW pages. Furthermore, a user friendly interface is provided to retrieve 3D models
by drawing 2D shapes. The retrieval is fast enough on a server with Pentium IV 2.4GHz CPU, and it takes about
2 seconds and 0.1 seconds for querying directly by a 3D model and by hand drawn 2D shapes, respectively.

Categories and Subject Descriptors (according to ACM CCS): H.3.1 [Information Storage and Retrieval]: Indexing

Volume 22 (2003), Number 3

Methods

1. Introduction

Recently, the development of 3D modeling and digitizing
technologies has made the model generating process much
easier. Also, through the Internet, users can download a large
number of free 3D models from all over the world. This leads
to the necessities of a 3D model retrieval system. Although
text-based search engines are ubiquitous today, multimedia
data, such as 3D models, usually lacks meaningful descrip-
tion for automatic matching. The MPEG group aims to cre-
ate an MPEG-7 international standard, also known as "Mul-
timedia Content Description Interface", for the description
of multimedia data ''. However, little description is about
3D models. The need of developing efficient techniques for
content-based 3D model retrieval is increasing.

To search 3D models that are visually similar to a queried
model is the most intuitive way. However, most meth-
ods concentrate on the similarity of geometric distributions
rather than directly searching for visually similar models.

(© The Eurographics Association and Blackwell Publishers 2003. Published by Blackwell
Publishers, 108 Cowley Road, Oxford OX4 1JF, UK and 350 Main Street, Malden, MA
02148, USA.

The geometric-based approach is feasible since much ap-
pearance for an object is controlled by its geometry. In this
paper, however, we present a novel approach that matches
3D models using their visual similarities, which are mea-
sured with image differences in light fields. We take this ap-
proach to better fit the goal of comparing models that appear
to be similar to a human observer. The concept of the vi-
sual similarity-based approach is similar to that of the image-
driven simplification, proposed by Lindstrom and Turk 4.

The geometry-based approach is broadly classified into
two categories: shape-based and topology-based matching.
The shape-based approach uses the distribution of vertices
or polygons to judge the similarity between 3D models
1.2.4.5.6.7 The challenge of the shape-based approach is
how to define shape descriptors, which need to be sensitive,
unique, stable, efficient, and robust against similarity trans-
formations of various kinds of 3D models. The topology-
based approach utilizes topological structures of 3D models
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to measure the similarity between them 3. The difficulties
of the topology-based approach include automatic topology
extraction from all types of 3D models, and the discrimina-
tion between topologies from different categories. Each of
the two approaches has its inherent merits and demerits. For
example, a topology-based approach leads to high similar-
ity between two identical 3D models with different gestures,
whereas a shape-based approach cannot. On the other hand,
a shape-based approach results in high similarity between
3D models with different connections among parts, whereas
a topology-based approach cannot. For instance, both a fin-
ger and the shoulder of a human model are parts of a human
body. The topologies are quite different whether the finger
does or does not connect to a human body, but the shapes
are similar.

Most previous works of 3D model retrieval focused on
defining suitable features for the matching process ' ~'13, and
were based on either statistical properties, such as global
shape histograms, or the skeletal structures of 3D models.
Osada et al. 2 proposed and analyzed a method for com-
puting shape signatures of arbitrary 3D polygonal models.
The key idea is to represent the signature of a 3D model as
a shape distribution, which is a histogram created from the
distance between two random points on a surface for mea-
suring global geometric properties. The approach is simple,
fast and robust, and could be applied as a pre-classifier in a
complete 3D model retrieval system.

Funkhouser et al. ! proposed a practical web-based search
engine that supports queries based on 3D sketches, 2D
sketches, 3D models, and/or text keywords. For 3D shape
queries, a new matching algorithm that uses spherical har-
monics to compute similarities is developed. It does not re-
quire repair of model degeneracy or alignment of orienta-
tions. In their system, a multimodal query is applied to in-
crease the retrieval performance by combining features such
as text and 3D shapes. It is also fast enough to retrieve from
a repository of 20,000 models in less than one second.

Hilaga et al. 3 proposed a technique in which the similarity
between polyhedral models is accurately and automatically
calculated by comparing the skeletal and topological struc-
ture. The skeletal and topological structure decomposes a 3D
model to a one-dimensional graph structure. The graph is in-
variant to similarity transformations, robust against simplifi-
cation and deformation caused by changing posture of an
articulated object, etc. In their experimental results, the av-
erage search time from 230 3D models is about 12 seconds
with a Pentium II 400MHz processor. Another 3D model
retrieval system 0 | having 445 models in the database, is
extended from the work of Hilaga et al., and takes about 12
seconds on a server with Pentium IV 2.4 GHz processor.

In this paper, a novel visual similarity-based approach
for 3D model retrieval is proposed, and the system is also
available on the web for practical trial use. The proposed
approach is robust against similarity transformations, noise

and model degeneracy, etc. There are more than 10,000 3D
models in our database, and a user-friendly interface is pro-
vided for 3D model retrieval by drawing 2D shapes, which
are taken as one or more projection views.

In general, a retrieval system contains off-line feature ex-
traction and on-line retrieval processes. We introduce the
LightField Descriptor to represent 3D models, which is de-
tailed in Section 2, as well as the feature extraction. In Sec-
tion 3, comparing 3D models is represented for the on-line
retrieval process. The experimental results and the perfor-
mance evaluations are shown in Section 4. Section 5 con-
cludes the write up.

2. Feature Extraction for Representing 3D Models

The proposed descriptor used for comparing the similarity
among 3D models is extracted from 4D light fields, which
are representations of a 3D object. The phrase light field de-
scribes the radiometric properties of light in a space and was
coined by Gershun 23. A light field (or plenoptic function)
is traditionally used in image-based rendering and is defined
as a five dimensional function that represents the radiance at
a given 3D point in a given direction 2*25. For a 3D model,
the representation is the same along a ray, so the dimension
of the light field around an object can be reduced to 4D 25 14,
Each 4D light field of a 3D model is represented by a col-
lection of 2D images, which are rendered from a 2D array
of cameras. The camera positions of one light field can be
put either on a flat surface 2> or on a sphere '* in the 3D
world. The light field representation has not only been used
in image-based rendering, but also in image-driven simplifi-
cation by Lindstrom and Turk '#, whose approach uses im-
ages to decide which portions of a model to simplify.

In this paper, we extract features from the light fields ren-
dered from cameras on a sphere. The main idea of using the
approach to get the similarity between two models is intro-
duced in Section 2.1. To reduce size of the features and speed
up the matching process, the cameras of the light fields are
distributed uniformly and positioned on vertices of a regular
dodecahedron. We name the descriptor LightField Descrip-
tor, and describe it in Section 2.2. In Section 2.3, we show
that one 3D model is represented by a set of LightField De-
scriptors in order to improve the robustness against rotations
while comparing between two models. One that is also im-
portant is the image metric used, and is detailed in Section
2.4. Finally, the flow chart of extracting the LightField De-
scriptors for a 3D model is summarized in Section 2.5.

2.1. Measuring similarity between two 3D models

The main idea comes from the following statement, "If two
3D models are similar, they also look similar from all view-
ing angles." Accordingly, the similarity between two 3D
models can be measured by summing up the similarity from
all corresponding images of a light field. However, what

(© The Eurographics Association and Blackwell Publishers 2003.
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Figure 1: The main idea measuring similarity between two
3D models

must be considered is the transformation, including trans-
lation, rotation and scaling. The translation and the scaling
problems are discussed in Section 2.5 and ignored by our
image metric described in Section 2.4. As for rotation, the
key to this problem is visual similarity. The camera system
surrounding each model is rotated until the highest overall
similarity (cross-correlation) between the two models from
all viewing angles is reached. Take Figure 1 as an example,
where (2) and (c) are two different airplanes with inconsis-
tent rotations. First, for the airplane in Figure 1 (a), we place
the cameras of a light field on a sphere, as shown in Figure 1
(b), where cameras are put on the intersection points of the
sphere. Then, cameras of this light field can be applied, at
the same positions, to the airplane in Figure 1 (c¢), as shown
in Figure 1 (d). By summing up the similarities of all pairs
of corresponding images in Figure 1 (b) and (d), the over-
all similarity between the two 3D models is obtained. Next,
the camera system in Figure 1 (d) can be rotated to a differ-
ent orientation, such as Figure 1 (e), which leads to another
similarity value between the two models. After evaluating
similarity values, the correct corresponding orientation, in
which the two models look most similar from all correspond-
ing viewing angles, can be found, such as Figure 1 (f). The
similarity between the two models is defined as summing up
the similarity from all corresponding images between Figure
1 (b) and (f).

However, the computation will be very complicated and
impractical to a 3D model retrieval system using current pro-
cessors. Therefore, the camera positions of a light field are
distributed uniformly on vertices of a regular dodecahedron,
such that reduced camera positions are used for approxima-
tion.

2.2. A LightField Descriptor for 3D models

To reduce the retrieval time and the size of features, the light
field cameras can be put on 20 vertices of a regular dodec-
ahedron. That is, there are 20 different views, which are
distributed uniformly, over a 3D model. The 20 views can

(© The Eurographics Association and Blackwell Publishers 2003.
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Figure 2: A typical example of the 10 silhouettes for a 3D
model

roughly represent the shape of a 3D model, as been applied
similarly in previous works. Huber and Hubert 2’ proposed
an automatic registration algorithm, which is able to recon-
struct real world objects from 15 to 20 various viewpoints
from a laser scanner. Lindstrom and Turk !4 also employ the
20 views in comparing 3D models for image-driven simpli-
fication.

Since their applications are different from the retrieval
system, the requirements of rendering image and the im-
age metric used are also different. First, lighting is different
while rendering images of an object. We turn all lights off,
so that the rendered images will be silhouettes only, which
enhance the efficiency and the robustness of image metric.
Second, orthogonal projection is applied in order to speed up
the retrieval process and reduce the size of features. There-
fore, ten different silhouettes are produced for a 3D model,
since the silhouettes projected from two opposite vertices on
the dodecahedron are identical. Figure 2 shows a typical ex-
ample of the 10 silhouettes of a 3D model. In our implemen-
tation, the rendered image size is 256 by 256 pixels. Conse-
quently, the rendering process can filter out high-frequency
noise of 3D models, and also make our approach reliable
from degeneracy of meshes, such as those missing, wrongly-
oriented, intersecting, disjoint and overlapping polygons.

Since the cameras are placed on the vertices of a fixed
regular dodecahedron, we need to rotate the camera system
60 times (to be explained below), so that the cameras can be
switched onto different vertices, while measuring the simi-
larity between descriptors of two 3D models. The dissimi-
larity, D4, between two 3D models is defined as:

10

Dy = min Y d(Li,Ix) , i=1..60 (1)
bok=1

where d denotes the dissimilarity between two images, de-
fined in Section 3.1, and i denotes different rotations be-
tween camera positions of two 3D models. For a regular do-
decahedron, each of the 20 vertices is connected by 3 edges,
which results in 60 different rotations for one camera system
(mirror mapping is not available). I} and I»; are correspond-
ing images under i-th rotation.

Here is a typical example to explain our approach. There
are two 3D models, a pig and a cow, in Figure 3 (a), both
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Figure 3: Comparing LightField Descriptors between two 3D models

rotated randomly. First, 20 images are rendered from ver-
tices of a dodecahedron for both the 3D model. As shown in
Figure 3 (b), we compare all the corresponding 2D images
from the same viewing angles, such as, the order 1~5 be-
tween pig and cow model. Thus we get a similarity value un-
der this rotation of camera system. Then, we map the order
1~5 differently as in Figure 3 (d), and get another similarity
value. After repeating this process, we find a rotation of cam-
era positions with the best similarity (cross-correlation being
highest), as shown in Figure 3 (d). Therefore, the similarity
between the two models is the summation of the similarities
among all the corresponding images.

Consequently, the LightField Descriptor is defined as the
basis representation of a 3D model, and is defined as features
of 10 images rendered from vertices of dodecahedron over
a hemisphere. A LightField Descriptor somehow eliminates
the rotation problem, but this is not exact enough. Therefore,
a set of light fields is applied to improve the robustness.

2.3. A set of LightField Descriptors for a 3D model

To be robust against rotations among 3D models, a set of
LightField Descriptors is applied to each 3D model. If there
are N LightField Descriptors, which are created from dif-
ferent camera system orientations for both 3D models, there
are (N x (N —1)+1) x 60 different rotations between the
two models. Therefore, the dissimilarity, Dp, between two

3D models is then defined as:
DB = IniIlDA(Lj,Lk)7 j,k=1..N (2)

where Dy is defined in Equation (1), and L; and L are light
field descriptors of two models, respectively.

The relationship of the N light fields needs to be care-
fully set to ensure that all the cameras are distributed uni-
formly and able to cover different viewing angles to solve
the rotation problem effectively. The approach of generat-
ing the evenly distributing camera positions of the N light
fields comes from the idea in relaxation of random points
proposed by Turk 5. The process can be pre-processed, and
then all 3D models use the same distributed light fields to
generate corresponding descriptors. In our implementation,
we set N = 10, as shown in Figure 4, that is, the similar-
ity between two 3D models is obtained from the best one of
5,460 different rotations. Therefore, the average maximum
error of rotation angle between two 3D models is about 3.4
degree in longitude and latitude. That is:

180°  360°
X
X

= 5460 = x=23.4° 3)

which is small enough for our 3D model retrieval system
according to our experimental results. Of course, the number

/@ ~ -
(2 Q‘"J\.A‘

Figure 4: A set of LightField Descriptors for a 3D model

\.:\-
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N can be bigger than 10, and we will evaluate in the future
the saturation effect when N becomes bigger.

2.4. Image metric

An image metric is a function measuring the distance be-
tween two images. Recently, Content-Based Image Retrieval
(CBIR) has become a popular research, and different image
metrics have been proposed °~22. Many approaches of im-
age metrics are robust against transformations such as trans-
lation, rotation, scaling, and image distortion.

One of the important features of images is the shape de-
scriptor, which can be broadly classified into region-based
and contour-based descriptor. The use of a combination of
different shape descriptors has been proposed recently in or-
der to improve the retrieval performance 2!-22. In this paper,
we adopt an integrated approach proposed by Zhang and Lu
21 which combines a region shape descriptor (Zernike mo-
ments descriptor) and a contour shape descriptor (Fourier
descriptor). The Zernike moment descriptor is also used in
MPEG-7, which is named RegionShape descriptor '!. Dif-
ferent shape signatures have been used to derive Fourier de-
scriptor, and the retrieval using Fourier Descriptors derived
from the centroid distance has significantly higher perfor-
mance than those of the other methods. These were also
compared by Zhang and Lu 2. The centroid distance func-
tion is expressed by the distance to boundary points from
the centroid of the shape. The boundary points of a shape
are extracted through a contour tracing algorithm, proposed
by Pavlidis 3!. Figure 5 shows a typical example of the cen-
troid distance. Figure 5 (a) shows a 2D shape rendered from
a viewpoint of a 3D model, and the contour tracing result is
shown in Figure 5 (b). Figure 5 (c) shows the centroid dis-
tance of (a).

Sometimes, however, a 3D model might be rendered into
several separated 2D shapes, as shown in Figure 6 (a). When
this situation occurs, the following two stages are applied
to connect. First, we apply Erosion operation 32 from one
to several times to connect the separated parts, as shown in
Figure 6 (b). Second, a thinning algorithm 32 is applied in
order to connect the separated parts, as shown in Figure 6
(c). Note that the pixels of rendered 2D shape cannot be re-
moved during the thinning algorithm. The separated parts
are then connected, and the high-frequency noise will be fil-
tered out by the Fourier descriptor. But if there are still sep-
arated parts after running the Erosion operation for several
times, a bounding box algorithm will replace the first stage
above.

There are 35 coefficients for Zernike moment descriptor
and 10 coefficients for Fourier descriptor. Each coefficient
is quantized to 8 bits in order to reduce the size of descrip-
tors and accelerate the retrieval process. Consequently, the
approach is robust against translation, rotation, scaling and
image distortion, and is very efficient.

(© The Eurographics Association and Blackwell Publishers 2003.
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Figure 5: A typical example of the centroid distance for a
2D shape
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Figure 6: Connection of different parts of 2D shapes

2.5. Steps of extracting LightField Descriptors for a 3D
model

The steps of extracting the LightField Descriptors for a 3D
model are summarized in the following.

(1) Translation and scaling are applied first to ensure that
3D model is entirely contained in rendered images. The in-
put 3D model is translated from the center of the model to
the origin of world coordinate system. The axis is then scaled
such that the maximum length is 1.

(2) Render images from the camera positions of light
fields, as described in Section 2.3.

(3) For a LightField Descriptor, 10 images are represented
for 20 viewpoints, and are in a pre-defined order for storage.
For a 3D model, 10 descriptors are created, so that totally
100 images should be rendered.

(4) Descriptors for a 3D model are extracted from the 100
images, as in Section 2.4.

3. Retrieval of 3D Models Using LightField Descriptors

In the off-line process mentioned in last section, the Light-
Field Descriptors of each 3D model in the database are
calculated and stored for 3D model retrieval. This section
details the on-line retrieving process, which compares the
descriptors of the queried one with all the other 3D mod-
els in the database. Comparing the LightField Descriptors
within two models is described in Section 3.1. Those who are
greatly dissimilar to the queried model will be rejected early
in the process, detailed in Section 3.2, which accelerates the
retrieval with a large database. Practically, when a user wants
to retrieve 3D models, he/she can upload a 3D model as a
query key. However, early experiences of Funkhouser et al.
! suggest that even a simple gesture interface, such as Teddy
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system 29, is still too hard for novice and casual users to learn
quickly. They proposed that drawing 2D shapes with a paint-
ing program to retrieve 3D models is intuitive for users. In
this paper, a user-friendly drawing interface for 3D model
retrieval is also provided. The approach of comparing 2D
shapes with 3D models is described in Section 3.3.

3.1. Similarity between LightField Descriptors of two 3D
models

The retrieving process can be referred as calculating the sim-
ilarity one by one between the queried one and each of the
models in the database and showing those similar to the
queried one. The similarity between two models is defined
as summing up the similarity from all the corresponding im-
ages, as described in Section 2.3. The comparison of two
descriptors is as Equation (2). When comparing the dissimi-
larity, d, of corresponding images, we use simple L1 distance
to measure:

d(JuK):Z|C1i_C2i| “

where C; and C; denote coefficients of two images, and i
denotes the index of their coefficients. There are 45 coeffi-
cients for each image, each quantized to 8 bits. To simplify
the computation, a table is created and stored for the value
of L1 distance from 0 to 255. Thus, a table-look-up method
is used to speed up the retrieval process.

3.2. Retrieval of 3D models from database with large
number of models

For a 3D model retrieval system, a database with a large
number of models should be considered. For example, there
are over 10,000 3D models in our database. To efficiently
retrieve 3D models from an enormous database, an iterative
early-jump-out method is applied in our 3D model retrieval
system. First, when comparing the queried model with all
the others, only parts of the images and coefficients are used.
This can remove almost half of the models. The threshold of
removing models is set as the mean of the similarity rather
than the median, since the calculation of the mean is simpler.
Then, compare the queried model to the remainder models
using more images and coefficients. Repeat the above steps
in several times. All iterations are detailed as follows.

(1) In the initial stage, all 3D models in the database are
compared with the queried one. Two LightField Descriptors
of the queried model are compared with ten of those in the
database. Three images of each light field are compared, and
each image is compared using 8 coefficients of Zernike mo-
ment. Each coefficient is quantized to 4 bits.

(2) In the second stage, five LightField Descriptors of
the queried model are compared to ten of the others in the

database. Five images of each light field are compared, and
each image is compared using 16 coefficients of Zernike mo-
ment. Each coefficient is quantized to 4 bits.

(3) Thirdly, seven LightField Descriptors of queried
model are compared with ten of the others in the database.
The other is the same as the second stage, while another five
images of each light field are compared.

(4) The fourth stage is the same as full comparison, but
only the Zernike moment coefficients, quantized to 4 bits,
are used. In addition, the top 16 of the 5,460 rotations are
recorded between the queried one and others.

(5) Each coefficient of Zernike moment is quantized to
8 bits, and the retrieval uses the top 16 rotations, recorded
from the 4" stage, rather than 5,460 rotations.

(6) In the last stage, each coefficient of Fourier descriptor
is added to the retrieval.

The approach speeds up the retrieval process by early re-
jection of non-relevant models. The query performance and
robustness of each step will be evaluated in the future.

3.3. A user friendly interface to retrieve 3D models
from 2D shapes

Creating a queried model for retrieval is not easy and fast
for general users. Thus, a user-friendly interface, a painting
program, is provided in our system. Furthermore, users can
again utilize the retrieved model to find more specific 3D
models, since 2D shapes carry less information than a 3D
model. To sum up, our 3D model retrieval system is easy for
a novice user.

Recognizing 3D objects from single 2D shape is an inter-
esting and difficult problem, and has been researched long
time ago. Dudani et al. '¢ identified aircrafts with moment
invariants derived from the boundary of 2D shapes. They
captured 2D images of 3D objects from every 5 degrees of
azimuth and roll angle. 3,000 images for 6 aircrafts are used
for comparison with an input 2D shape. A 3D aircraft recog-
nition algorithm of Wallace and Wintz 7 used 143 projec-
tions to represent an aircraft over the hemisphere, and per-
formed the recognition using normalized Fourier descriptors
of the 2D shape boundary. Cyr and Kimia '8 proposed 3D
object recognition by generating "equivalent view" from dif-
ferent positions on the equator for 65 3D objects. They rec-
ognized an unknown 2D shape by comparing all views of
3D objects using shock matching, which takes about 5 min-
utes. Recently, Funkhouser et al. ! proposed a search engine
for 3D models, which also provides a 2D drawing interface
for 3D model retrieval. The boundary contours are rendered
from 13 viewpoints for each 3D model, and then additional
13 shape descriptors are created. In our 3D model retrieval
system, it is intuitive and direct to compare 2D shapes with
3D models, since the descriptors for 3D models are com-
posed of features of 100 2D shapes over the hemisphere, as

(© The Eurographics Association and Blackwell Publishers 2003.



D.-Y. Chen et. al / On Visual Similarity Based 3D Model Retrieval

Llslxl
Ry Lok |
2| Qeah (siFevores Pt 3| Bhe B 0 - D

VDl o bl =] 0%

Query by user drawn 2D shapes
$Deniond he D model > Sonces URL of e 3D model & Query by i 30 mocl

= &y @ D

(1 8ot Drein sl [T P Local intoaet-

Figure 7: Retrieval results from user drawn 2D shapes

described in Section 2.3. The image metric we used is de-
fined in Section 2.4.

4. Experimental Results

In Section 4.1, the proposed 3D model retrieval system is
demonstrated. The performance and robustness of the ap-
proach are evaluated in Section 4.2 and 4.3, respectively.

4.1. The proposed 3D model retrieval system

The 3D model retrieval system is on the following web site
for practical trial use: http://3d.csie.ntu.edu.tw. There are
10,911 3D models in our database now, all free downloaded
via the Internet. Users can query with a 3D model or draw-
ing 2D shapes, and then search interactively and iteratively
for more specific 3D models using the first retrieved results.
Models are available for downloading from the hyperlink of
their original downloaded path listed in the retrieval results.
Figure 7 shows a typical example of a query with 2D draw-
ing shapes, and Figure 8 shows the interactive search by se-
lecting a 3D model from Figure 7.

The system consists of off-line feature extraction in pre-
processing and on-line retrieval processes. In the off-line
process, the features are extracted in a PC with a Pentium
1T 800MHz CPU and GeForce2 MX video card. On the av-
erage, each 3D model with 7,540 polygons takes 6.1 seconds
to extract features, detailed in Table 1. Furthermore, the av-
erage time of rendering and feature extraction for a 2D shape
takes 0.06 seconds. Extracting features are suitable for both
3D model and 2D shape matching. No extra effort should be
done for 2D shapes. In the on-line process, the retrieval is
done in a PC with two Pentium IV 2.4GHz CPUs. Only one
CPU is used for the query at one time, and the retrieval takes
2 and 0.1 seconds with a 3D model and two 2D shapes as the
query keys, respectively.
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Figure 8: Retrieval results from interactively searching of
selecting a 3D model from Figure 7

4.2. Performance Evaluation

Traditionally, the diagram of "Precision" vs "Recall" is a
common way of evaluating performance in documental and
visual information retrieval. Recall measures the ability of
the system to retrieve all models that are relevant. Precision
measures that the ability of the system to retrieve only mod-
els that are relevant. They are defined as:

relevant correctly retrieved
Recall Y

all relevant

. relevant correctly retrieved
Precise

all retrieved

In general, the recall and precision diagram requires a
ground truth database to assess the relevance of models with
a set of significant queries. Test sets are usually large, but
only a small fraction of the relevant models are included 3°.
Therefore, a test database with 1,833 3D models is used for
evaluation. The test database contains free 3D models from
3DCafe 34, downloaded in Dec. 2001, but removes several
models with failed formats in decoding. One student inde-
pendent of this research, regarded as a human evaluator, clas-
sified the models according to functional similarities. The
test database was clustered into 47 classes including 549 3D

Standard . .
Average . Minimum | Maximum
Deviation
Vertex | 4941.6 13582.8 4 262882
Polygon| 7540.7 21003.8 2 519813
Time 6.11 sec| 4.38 sec 2.32 sec 48.93 sec

Table 1: Vertex and polygon number of the 10,911 3D mod-
els and the feature extraction time from a PC with a Pentium
1T 800 MHz CPU
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Figure 9: Performance evaluation of our approach, Light-
Field Descriptor, and those of others.

models mainly for vehicle and household items (such as cat-
egories of airplane, car, chair, table, etc.), and all the other
1,284 models are classified as "miscellaneous".

To compare the performance with others systems, three
major previous works are implemented as follows:

(1) 3D Harmonics: This approach is proposed by
Funkhouser et al. !, and outperforms many other approaches,
such as Moments !2, Extended Gaussian Images 8, Shape
Histograms © and D2 Shape Distributions 2, which are eval-
uated in their paper. The source code of SpharmonicKit 2.5
35, also used in their implementation, is used for computing
the spherical harmonics.

(2) Shape 3D Descriptor: The approach is used in MPEG-
7 international standard !', and represents a 3D model with
curvature histograms.

(3) Multiple View Descriptor: This method aligns 3D ob-
jects with Principal Component Analysis (PCA) 33, and then
compares images from the primary, secondary and tertiary
viewing directions of principal axes. Descriptor of the view-
ing directions is also recorded in MPEG-7 international stan-
dard !, but does not limit the usage of image metrics. To get
better performance, integration with different image metrics
described in Section 2.4 are used. Furthermore, for calcu-
lating PCA correctly from vertices, each 3D model is re-
sampled first to ensure that vertices are distributed evenly
on the surface.

Figure 9 shows the comparison of the retrieval perfor-
mance of our approach, LightField Descriptors, with those
of the others. Each curve plots the graph of "recall and pre-
cision" averaged over all 549 classified models in the test
database. Obviously, LightField Descriptor performs better
than the others. The precision values are 42%, 94% and 25%
higher than those of 3D Harmonics, Shape 3D Descriptor
and Multiple View Descriptor, respectively, after comparing
and averaging over all the "recall” axis.

@ {11} (b) {2, 113

(c) {3. 46}

Figure 10: Three similar cups with their principal axes, ori-
enting the models in different directions. Retrieval results of
querying are done by the model in (a). The first number in
bracket shows the queried number by our method, and the
second number shows the Multiple View Descriptor.

However, in our implementation of 3D Harmonics, the
precision is not as good as that indicated in the original pa-
per !, shown in Table 2. Evaluating by different test database
is one possible reason, and another one may lie in a small
amount of different details between our implementation and
original paper, even if we try to implement the same as the
original paper. The test database used in the original paper is
also purchased by us, and will be evaluated in the future. As
for PCA applied to Multiple View Descriptor, Funkhouser
et al. ! found that principal axes are not good while align-
ing orientations of different models within the same class,
and also demonstrated this problem using 3 mugs. Retrieval
with similar examples in our test database is shown in Figure
10. Clearly, our approach works well against this particular
problem of PCA.

4.3. Robustness evaluation

All the classified 3D models in the test database are applied
to the following evaluation in order to assess the robustness.
Each transformed 3D model is then used for queries from
the test database. The average recall and precision of all 549
classified models are used for the evaluation. The robustness
is evaluated by the following transformation:

(1) Similarity transformation: For each 3D model, seven
random numbers are applied to x-, y-, and z-axis rotations
(from O to 360 degree), x-, y- and z-axis translations (-
10~+10 times of the length of the model’s bounding box),
and scaling (a factor of -10~+10).

(2) Noise: Each vertex of 3D model is applied three ran-

Recall 02| 03] 04| 05| 06| 07
Our approach| 0.51| 0.42| 036( 0.30( 0.25| 0.20
3D Harmonics{ 0.37| 0.27| 0.22| 0.18| 0.16| 0.14
3D Harmonics|
with different| 0.41| 0.33| 0.26| 0.20( 0.17| 0.14
test database !

Table 2: Precision of 3D Harmonics in the original paper
for comparison.
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(25 (@

Figure 11: Robustness evaluation of (b) noise and (c) deci-
mation from (a) original 3D model

dom number to x-, y- and z-axis translation (-3%~+3%
times of the length of the model’s bounding box). Figure 11
(b) shows a typical example of the effect.

(3) Decimation: For each 3D model, randomly select 20%
polygons to be deleted. Figure 11 (c) shows a typical exam-
ple of the effect.

Experimental result of the robustness evaluation is shown
in Figure 12. Clearly, our approach is robust against similar-
ity transformation, noise and decimation.

5. Conclusion and Future Works

In this paper, a 3D model retrieval system is proposed based
on visual similarity. The new metric based on a set of Light-
Field Descriptors is proposed for matching among 3D mod-
els. The visual similarity-based approach is robust against
translation, rotation, scaling, noise, decimation and model
degeneracy etc. A practical retrieval system that includes
more than 10,000 3D models is available on the web for ex-
pert and novice users, and the retrieval can be done in less
than 2 seconds on a server with Pentium IV 2.4 GHz CPU. A
friendly user interface is also provided to query by drawing
2D shapes. The experimental results demonstrate that our
approach outperforms 3D Harmonics, MPEG-7 Shape 3D
Descriptor and Multiple View Descriptor.

In future work, several investigations are described as fol-
lows. First, other image metric for 2D shapes matching may
be evaluated and included to improve the performance. In
addition, the image metric for color and texture ! can also
be included to retrieval 3D model using more visual features.
Second, different approaches ("cocktail" approach) can be
combined to improve the overall performance. Third, the
mechanism of training data or active learning 213 may be
used to adjust the weighting among different features. Fi-
nally, partial matching from several objects takes a long time
to compute in general, and is also an important and difficult
research direction in the future work 2829,

Acknowledgements

We would like to thank Miss Wan-Chi Luo, a graduate stu-
dent, to help us manually classify the 1833 3DCafe objects
into 47 classes plus another class "miscellaneous". We also
appreciate Jeng-Sheng Yeh to set up the web server for our

(© The Eurographics Association and Blackwell Publishers 2003.

1=
P —a— Original
0.8 4 —e— Similarity transformation ||
—aA— Nosie
£06 —¢— Decimation
204
02
0 I I I

0.0 0.1 02 03 04 05 06 07 08 09 1.0
Recall

Figure 12: Robustness evaluation of similarity transforma-
tion, noise and decimation

3D model retrieval system. This project is partially funded
by the National Science Council (NSC, Taiwan) under the
grant number NSC91-2622-E-002-040 and by the Ministry
of Education under the grant number 89-E-FA06-2-4-8.

References

1. T. Funkhouser, P. Min, M. Kazhdan, J. Chen, A. Halder-
man, D. Dobkin and D. Jacobs, "A Search Engine for
3D Models", ACM Transactions on Graphics, 22(1):83-
105, Jan. 2003.

2. R. Osada, T. Funkhouser, B. Chazelle and D. Dobkin,
"Shape Distributions", ACM Transactions on Graphics,
21(4):807-832, Oct. 2002.

3. M. Hilaga, Y. Shinagawa, T. Kohmura and T. L. Ku-
nii, "Topology Matching for Fully Automatic Similarity
Estimation of 3D Shapes", Proc. of ACM SIGGRAPH,
203-212, Los Angeles, USA, Aug. 2001.

4. E. Paquet, M. Rioux, A. Murching, T. Naveen and A.
Tabatabai, "Description of Shape Information for 2-D
and 3-D Objects", Signal Processing: Image Commu-
nication, 16:103-122, Sept. 2000.

5. R. Ohbuchi, T. Otagiri, M. Ibato and T. Takei, "Shape-
Similarity Search of Three-Dimensional Models Using
Parameterized Statistics", Proc. of 10th Pacific Graph-
ics, 265-273, Beijing, China, Oct. 2002.

6. D. V. Vranic and D. Saupe, "Description of 3D-Shape
using a Complex Function on the Sphere", Proc. of
IEEE International Conference on Multimedia and
Expo (ICME), 177-180, Lausanne, Switzerland, Aug.
2002.

7. 1. Kolonias, D. Tzovaras, S. Malassiotis and M. G.
Strintzis, "Fast Content-Based Search of VRML Mod-
els based on Shape Descriptions", Proc. of Interna-



10.

11.

12.

13.

14.

15.

16.

18.

19.

20.

D.-Y. Chen et. al / On Visual Similarity Based 3D Model Retrieval

tional Conference on Image Processing (ICIP), 133-
136, Thessaloniki, Greece, Oct. 2001.

B. K.P. Horn, "Extended Gaussian Images", Proceed-
ings of the IEEE, 72(12):1671-1686, 1984.

M. Ankerst, G. Kastenmuller, H.-P. Kriegel and T.
Seidl, "3D Shape Histograms for Similarity Search and
Classification in Spatial Databases", Proc. of 6th Inter-
national Symposium on Advances in Spatial Databases
(SSD), Hong Kong, China, 207-228, 1999.

D.-Y. Chen and M. Ouhyoung, "A 3D Object Retrieval
System Based on Multi-Resolution Reeb Graph", Proc.
of Computer Graphics Workshop, 16, Tainan, Taiwan,
June 2002.

S. Jeannin, L. Cieplinski, J. R. Ohm and M. Kim,
MPEG-7 Visual part of eXperimentation Model Ver-
sion 7.0, ISO/IEC JTCI1/SC29/WG11/N3521, Beijing,
China, July 2000.

M. Elad, A. Tal, and S. Ar. "Content Based Retrieval
of VRML Objects - An Iterative and Interactive Ap-
proach", Proc. of 6th Eurographics Workshop on Mul-
timedia, 97-108, Manchester UK, Sept. 2001.

C. Zhang and T. Chen, "An Active Learning Frame-
work for Content-Based Information Retrieval", IEEE
Transactions on Multimedia Special Issue on Multime-
dia Database, 4(2):260-268, June 2002.

P. Lindstrom and G. Turk, "Image-Driven Simplifica-
tion ", ACM Transactions on Graphics, 19(3):204-241,
July 2000.

G. Turk, "Generating Textures on Arbitrary Surfaces
Using Reaction-Ditfusion", Computer Graphics (Proc.
of ACM SIGGRAPH), 25(4):289-298, July 1991.

S. A. Dudani, K. J. Breeding and R. B. McGhee,
"Aircraft Identification by Moment Invariants", IEEE
Transactions on Computers, C-26(1):39-46, Jan. 1977.

. T. P. Wallace and P. A. Wintz, "An Efficient Three-

Dimensional Aircraft Recognition Algorithm Using
Normalized Fourier Descriptors", Computer Graphics
and Image Processing, 13:99-126, 1980.

C. M. Cyr, B. B. Kimia, "3D Object Recognition Using
Shape Similarity-Based Aspect Graph", Proc. of Inter-
national Conference on Computer Vision (ICCV), 254-
261, Vancouver, Canada, July 2001.

C. E. Jacobs, A. Finkelstein, D. H. Salesin, "Fast
Multiresolution Image Querying", Proc. of ACM SIG-
GRAPH, 277-286, Los Angeles, USA, Aug. 1995.

D. S. Zhang and G. Lu. "A comparative Study of
Fourier Descriptors for Shape Representation and Re-
trieval". Proc. of 5th Asian Conference on Computer
Vision (ACCV), 652-657, Melbourne, Australia, Jan.
2002.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

D. S. Zhang and G. Lu. "An Integrated Approach to
Shape Based Image Retrieval". Proc. of 5th Asian Con-
ference on Computer Vision (ACCV), 652-657, Mel-
bourne, Australia, Jan. 2002.

D. Heesch and S. Ruger, "Combining Features for
Content-Based Sketch Retrieval - A Comparative Eval-
uation of Retrieval Performance", Proc. of 24th BCS-
IRSG European Colloquium on IR Research Glasgow
(LNCS 2291), UK, Mar. 2002

A. Gershun, "The Light Field", Moscow, 1936. Trans-
lated by P. Moon and G. Timoshenko in Journal of
Mathematics and Physics, 18:51-151, MIT, 1939.

L. McMillan and G. Bishop, "Plenoptic Modeling: An
Image-Based Rendering System", Proc. of ACM SIG-
GRAPH, 39-46, Los Angeles, USA, Aug. 1995.

M. Levoy and P. Hanrahan, "Light Field Rendering",
Proc. of ACM SIGGRAPH, 31-42, New Orleans, USA,
Aug. 1996.

T. Igarashi, S. Matsuoka and H. Tanaka, "Teddy: A
Sketching Interface for 3D Freeform Design", Proc. of
ACM SIGGRAPH, 409-416, Los Angeles, USA, Aug.
1999.

F. Huber and M. Hebert, "Fully Automatic Registration
of Multiple 3D Data Sets", Proc. of IEEE Workshop on
Computer Vision Beyond the Visible Spectrum: Meth-
ods and Applications (CVBVS), Kauai, Hawaii, USA,
Dec. 2001.

A. E. Johnson and M. Hebert, "Using Spin Images for
Efficient Object Recognition in Cluttered 3D Scenes",
IEEE Transactions on Pattern Analysis and Machine
Intelligence, 21(5):433-449, May 1999.

S. M. Yamany and A. A. Farag, "Surfacing Signatures:
An Orientation Independent Free-Form Surface Rep-
resentation Scheme for the Purpose of Objects Regis-
tration and Matching", IEEE Transactions on Pattern
Analysis and Machine Intelligence, 24(8):1105-1120,
Aug. 2002.

A. E. Bimbo, Visual Information Retrieval, Morgan
Kaufmann Publishers, Inc., 1999.

T. Pavlidis, Algorithms for Graphics and Image Pro-
cessing, Computer Science Press, 1982.

R. M. Haralick and L. G. Shapiro, Computer and Robot
Vision, Addison-Wesley Pub. Co., 1992.

I. T. Jolliffe, Principal Component Analysis, 2nd edi-
tion, Springer, 2002.

3DCAFE, http://www.3dcafe.com

SpharmonicKit 2.5: Fast spherical transforms.
http://www.cs.dartmouth.edu/~geelong/sphere/

(© The Eurographics Association and Blackwell Publishers 2003.



A 3D Model Alignment and Retrieval System

Ding-Yun Chen and Ming Ouhyoung
Department of Computer Science and Information Engineering,
National Taiwan University, Taipei, Taiwan
dynamic@cmlab.csie.ntu.edu.tw, ming@csie.ntu.edu.tw

Abstract

Techniques for 3D model alignment and
retrieval are proposed in this paper. Since the
techniques of 3D modeling and digitizing tools
are in great demand, the expectations of 3D
models alignment and retrieval are increasingly.
We propose an algorithm for 3D model
alignment, which gets the affine transformation
between two 3D models. The main idea of our
3D alignment algorithm in rotation is to search
the similarity of projected 2D shapes from each
viewing angle between two models. Then, we
apply the technique to match two 3D models
after recovering the affine transformation. Our
database has more than 10,000 3D models, and
a query interface of drawing is easy to use to
retrieval 3D models from 2D shapes.

1. Introduction

The problem of 3D objects recognition,
retrieval, clustering and classification is a
traditional research topic during previous
decades in computer vision, computer graphic,
mechanical engineering, medical imaging and
molecular biology. The research topic is more
and more important since the techniques of 3D
modeling and digitizing tools are in great
demand. Many tools of digitized and constructed
3D objects are getting more and more popular,
for example, 3D model acquisition systems[19],
3D modd capturing systems [22], 3D freeform
design systems [17] and sculpting systems [18].
Therefore, 3D objects can be digitized and
modeled easier, faster and less expensive. A
large number of free 3D models can be accessed
al over the world via the Internet, such as in
[15]. Although text-based search engines are
ubiquitous today, multimedia data such as 3D
models lack meaningful and semantic
description for automatic matching. The MPEG
group aims to create an MPEG-7 international
standard, aso known as “Multimedia Content

Description Interface”, for the description of the
multimedia data, including image, video, audio,
2D shapes and 3D objects [16]. However, there
is currently only one descriptor for 3D model.
This has highlighted the need for developing
efficient techniques of content-based retrieval
for 3D model.

The problem of 3D model retrieval can be
stated as follows: given a 3D model, the retrieval
system compares it with al other 3D models
from the database, and shows ranked similar
models. In short, the problem is to determine the
similarity between two given 3D models. The
most important issue is to extract suitable
features for matching. The feature should
represent the characteristics of different 3D
models, and should be invariant to &ffine
transformation (trand ation, rotation and scaling),
and robust against most 3D model processing,
such as re-meshing, subdivision, simplification,
noise and deformation. The second important
issue is to define a meaningful distance metric,
which should be efficient.

Most previous works of 3D model retrieval
focus on finding a good feature for matching
[1~14]. Most of those are based on either
statistical properties, such as globa shape
histograms, or the skeletal structure of 3D model.
Zhang and Chen [2] proposed an algorithm to
efficiently calculate features, such as volume,
moments and Fourier transformation coefficients.
They aso applied active learning agorithm in
3D model retrieval using volume-surface ratio,
aspect ratio, moment invariants and Fourier
transformation coefficients [3, 4]. The features
are normalized to be within range (-1, 1).

Osada et al. [6, 7] propose and analyze a
method for computing shape signatures for
arbitrary 3D polygonal models. The key idea is
to represent the signature of an object as a shape
distribution sampled from a shape function
measuring global geometric properties of an
object. The best one of their experimental results



is using the D2 shape function, which measures
the distance between two random points on a
surface. Then, the entire shape distribution is
scaled based on the mean in order to deal with
the scaling problem. Findly, they examine that
the PDF L1 norm performed the best for
comparing shape distributions. In  their
experimental results, the top matches are mostly
from the same class as the query object and that
shape distributions provide a useful signature for
shape-based retrievd of 3D models. They dso
compare D2 shape distribution method against
surface moments, and find the D2 shape
distributions  outperform  moments  for
classification of 3D models. Ther approach is
simple, fast, and is invariant under affine
transformation, and is not sensitive to most 3D
model processing and degeneracies.

Thomas Funkhouser et al. [8] describe a
web-based search engine system that supports
gueries based on 3D sketches, 2D sketches, 3D
models, and/or text keywords. For the
shape-based queries, they have developed a new
matching agorithm that uses spherical
harmonics to compute discriminating similarity
measures without requiring repair of model
degeneracies or aignment of orientations. Their
matching methods are fast enough to match a
single query to arepository of 20,000 modelsin
under a second.

Hilaga et a. [1] propose atechnique in which
similarity between polyhedra models is
accurately and automatically calculated by
comparing the skeletal and topological structure.
Therefore, their algorithm can handle the global
and local properties simultaneoudly. The skeletal
and topological structure decomposes to a
one-dimensional graph structure. The graph is
invariant to affine transformation and robust
againg most 3D model processing and
deformation caused by changing posture of an
articulated object. Their search key is a
multi-resolution structure of the graph, so that
the comparison can smply and fast. Their
experiments made use of 230 different
polyhedral meshes. In their experimental results,
the average search time is about 12 secondsin a
PC with a Pentium Il 400MHz processor. A 3D
model retrieval system[13] in our previous work
is extended the work of Hilaga et .

In genera, features of 3D models should be
invariant to affine transformations, since each
3D model has its own coordinate axis for
different use. In contrast, we propose an
algorithm to recover trandation, scaling and
rotation between two 3D models, and then
extend the technique to measure the similarity.
Furthermore, the function of 3D model

Figure 1 The order of 3D models alignment.

alignment can not only be used in 3D model
retrieval, but also in many other applications,
such as mesh watermarking, 3D model morphing,
3D animation, and so on.

The basic concept of our approach is that
when two 3D models are similar, they will also
look similar from their corresponding viewing
angles. Therefore, the main idea of our 3D
alignment algorithm in rotation is to render 2D
silhouettes from each viewing angle of two
models, and get rotation which has minimum
error summing from all viewing angles using 2D
shape matching algorithm. Qur approach of 3D
model retrieval takes the minimum error as the
similarity between two 3D models. The
remaindered part of this paper is organized as
follows. In Chapter 2, we propose an agorithm
to do 3D model alignment. We detail rotation
alignment in Chapter 3. The experimental results
of 3D model dignment are represented in
Chapter 4. 3D modd retrieval is proposed in
Chapter 5. Finaly, the paper is summarized and
concluded in Chapter 6.

2. Flow of 3D Model Alignment

The order of 3D model aignment in our
approach is as follows: TS>R>TS>R~>TS
Where TS denotes the trandation and scaling
alignment from one 3D model to another; R; and
R, denote the coarser and refined rotation
alignment, respectively (detailed in next chapter).
All TS apply the same operator, that is, trandate
to the same origin and scale to the same size
between two models. The purpose of first two TS
is to let the two models be roughly in similar
position and close to the same size, which will
make it easier to get the correct rotation R. and
R.. Once the correct rotation is recovered, the
last TS will be easier to get the correct
trandation and scaling. Figure 1 shows an
example of the five steps.

The approach of trandation and scaling is
very simple. The trandlation T=(Ty,Ty,T,) assigns
the middle point of the whole model to be the
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Figure 2 A typical example to show our
algorithm.

new origin. The scding is isotropic, and
normalizes according to the maximum distance
from X, y and z axes of the whole model. That is,
T = MaxCoor, + MinCaoor, i=x Yz (1)
2
- 1 , &)
max (MaxCoor, - MinCoor,)

i=x,y,z
where the MaxCoor; and MinCoor; are the
coordinate of vertex, which has maximum and
minimum value ini-axis, respectively.

An intuitional thought of recovering the
rotation from two modelsisto rotate model to all
possible viewing angles, and get the rotation that
has minimum error from al viewing angles. We
take Figure 2 as atypica example to explain the
idea. There are two models, pig and cow, with
different rotations, and both models have been
applied coarser trandating and scaling (TS
alignment. To recover the rotation from model
cow to model pig, aset of cameras surrounding a
model to render 2D shapes from each viewing
angle. Those cameras are put on the surface of a
sphere and scatter viewing angles all over the
sphere. Figure 2 (a) shows a set of cameras
surrounding the model pig, where each
intersection point indicates a camera position.
Then, apply the camera set to the model cow, as
shown in Figure 2 (b), and then get the
difference between two 2D shapes for each
camera pair (A camerapair is the corresponding
viewing angle between the two modéels).
Therefore, we define the error between two 3D
models, when applying some rotated camera set,
as summing the difference from all camera pairs.
The rotation of a camera set, which has
minimum error, also indicates the rotation
between the two 3D models. The minimum error
can aso be used for judging the similarity of the
two 3D models, and is defined as:

ming ShapeDiff(j) 3
i

where ShapeDiff denotes the difference between
two 2D shapes; i denotes different rotation of the

camera set, and j-th camera pair between the two
models. Figure 2 (b)~(f) show several examples
of different rotation of the camera set, and we
can suppose that the camera set in Figure 2 (e)
will get the minimum error.

When rotating the camera set to a new
orientation, al 2D shapes should be re-rendered,
and the similarity matching between each
camera pair also has to be calculated again. This
will cause large amount of calculation, and is
time consuming. Therefore, we put the camera
set in the vertices of a regular convex
polyhedron, so that the number of rendering and
matching will be grestly reduced.

However, there are only five regular convex
polyhedrons, which are named as Platonic
bodies, and were known to the ancient Greeks.
The fact can aso be proved using Euler’'s
theorem. The five regular convex polyhedrons
are tetrahedron, hexahedron or cube, octahedron,
dodecahedron, and icosahedron. We take vertices
of dodecahedron, which has the maximum
amount of vertices, as the position of the camera
set. There are 20 scattering viewing angles for
each 3D model. Huber and Hubert [15] proposed
an automatic registration algorithm, which is
able to reconstruct real world objects from 15 to
20 various viewpoints of laser scanner.
Therefore, the 20 viewing angles can roughly
represent the shape of a 3D model. The 20 2D
shapes are the bases of each 3D mode for
alignment, and contain enough information from
various viewing angles for a 3D model. Figure 3
show that we can reduce the number of
rendering and matching by using the
dodecahedron. Figure 3 Figure 3 (a) shows a
camera set for model pig, and then the same
camera set is applied to model cow, as shownin
Figure 3 (b). That is, the indices of camera set
are al the same between Figure 3 (a) and (b). In
addition, we can rotate the dodecahedron
resulting in the camera set is at the same position.
For instance, rotate edge (1,2) from Figure 3 (b)
to edge (1,3) and (1,4), which show in Figure 3
(c) and (d), respectively. Since a dodecahedron
has 20 vertices and each vertex connects 3 edges,
there are 60 kinds of different rotation, which
share the same 20 camera positions. Table 1
shows the number of rendering and 2D shapes

@) (b) (© (d)
Figure 3 We can reduce the number of
calculation from rendering and 2D shapes
matching by using the dodecahedron.



Table 1 Number of rendering and 2D shapes
matching for 60 different rotations with and

without using dodecahedron.
For testing 60 Number of
kinds of different | MO O | 5D shapes
rotation 9 matching
Without using 20+ 20 x 60 20 % 60 =
dodecahedron =1220 1200
Using 20+20x 1= _
dodecahedron 40 20 20 =400
Raio 30.5 3

Table 2 Number of rendering and matching 2D
shapes are calculated by mapping m to n different
dodecahedrons.

(men) 1-1 | 1-10 | 1-20 | 1-40 [10-10

Number of rendering
(20xm20xn) 40 | 220 | 420 | 820 | 400

Number of 2D shape

matching(20x m»20xn) 400 | 4000 | 8000 {16000(40000

Number of different

rotations (60xmmn) 60 | 600 |1200 2400 6000

Vertices of scattering
dodecahedrons

matching for 60 different rotations with and
without using dodecahedron. Consequently,
amount of rendering and matching can be
reduced.

There are 60 different rotations for searching
by using one camera set of both models.
However, it's usually not enough to recover
rotation from the best one of the 60 candidates
for the coarser rotation alignment, R.. The
coarser rotation alignment should provide a good
initial, so that the refined rotation alignment, R;,
can easily get the best result from the loca
estimation. Therefore, we can use more camera
sets for each 3D mode. When adding one
camera set, 60 different rotations will be
searched. Furthermore, we can also gply more
camera sets to both 3D models. That is, when
applying m and n camera set to both models,
respectively, there will be 60xmxn kinds of
different rotation for searching. Table 2 shows
the number of rendering and 2D shape matching
by using different number of camera sets. In our
implementation, we set m=10 and n=10 (10-10),
that is, we take the best one from 6000 different
rotations as the coarser rotation alignment, R..
The agorithm of rotation alignment, R and R,
will detail in next chapter. In addition, those
camera sets are pre-processed for scattering over
the whole rotation space, so that any possible
rotation can close to one of them.

In the end of this chapter, we detail the flow
of aligning one model to another. The operations
of aligning model B to model A is shown as
follows:

A:A.TA.SA

B=B - TS
R. = RotateCoarse(B’, A)
B"=B R Tg S

R = RotateRefing(B” , A)

A~B ‘R -Tzg- %

A-Ta-Sa~B R-Tg- %R -Tsg- %

A~B Tg- S R - Ts- &R Tg-%-
SA—l i TA—l
where RotateCoarse and RotateRefine recover
the coarser and refined rotation, respectively,
and detail in next chapter.

3. 3D model Alignment in Rotation

This chapter details our approach of aigning
rotation between two models. The rotation
aignment has two levels. coarser (R;) and
refined (R) alignment. The coarser alignment
gets the approximate rotation from al possible
orientation between two models. The refined
adignment is to adjust the rotation from the
above result to more accurate one. After doing
first TS (described in previous chapter), the
position and size of both models are approximate,
but not exactly the same, so our approach of 2D
shape matching should be invariant to tranglation
and scaling.

The rotation between two models is aigned
by matching 2D shapes from camera sets of both
models. Figure 4 shows the flow of rotation
alignment. First, 2D shapes should be rendered
from camera sets for both models. For each 2D
shape, its feature can be extracted and saved for
matching later. The operation of rendering and
feature extraction do 40 times, if using 1-1
camera set. Then, 2D shapes of each camera pair
have to be matched, and the operation does 400
times if using 1-1 camera set. Next, get
minimum error from different rotations, as
defined in Egn. (3). Findly, once two camera
sets of both models are determined, the rotation
matrix of two models can be obtained by the
rotation of the two camera sets. The main flows
of coarser and refined rotation alignment arethe

2D shapes are rendered from each viewing angle
of camera set for both models

v

| Feature extraction for each 2D shape |
v

| 2D shapes matching for each camera pair |
v

| Get minimum error from different rotations |
v

Rotation matrix from camera pair that has
minimum error

Figure 4 Theflow of rotation alignment
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Figure 5 A typical example of 2D silhouettes
from a camera set of dodecahedron.

same.

The character of 2D shape matching depends
on which algorithm is used. We use OpenGL to
render 2D silhouettes by putting camera to
vertex of dodecahedron and facing to origin. The
size of 2D silhouettesis 256 by 256 pixelsin our
implementation. Since 3D models should be
trandated and scaled, TS, before rotation
alignment, it's easier to make sure that whole 3D
models will be rendered into a 2D silhouette,
that is, no clipping happen. Figure 5 shows a
typical example of 2D silhouettes from a camera
set of dodecahedron. In our implementation, we
render to screen by perspective projection, and
then use glReadPixels() to get 2D silhouettes.

To measure the similarity between two shapes,
we use region-based shape descriptor of the
MPEG-7 [16] to match. The matching agorithm
can be invariant to trandation, scaling and
rotation in 2D shapes, and allowable of ninor
non-rigid deformations. The region-based shape
descriptor makes use of al pixels constituting
the shape, so that it can describe complex shape
including holes and severa disjoint regions. The
descriptor utilizes a set of ART (Angular Redial
Transform) coefficients to describe the shape.
The ART isa 2D complex transform defined on
a unit disk in polar coordinates. Twelve angular
and three radial functions are used, and 35 ART
coefficients of 2D shapes are used for matching.

There are several notices for using the 2D
shape matching to our approach. In general, in
order to invariant to trandation in pure 2D case,
the center of massin 2D shape should be aligned
to the center of the unit disk. However, our final
alignment isin 3D case, so it'sno reasonto align
the center for each 2D shape. Since tranglating
3D model to origin has applied before rotation
alignment, we use center of rendered 2D shape
as the center of the unit disk. Furthermore, in
order to invariant to scaling, linear interpolation
is applied to aign between rendered 2D shapes
from each viewing aspect and the unit disk. The

same as tranglation, each 2D shapes in a camera
set should have the same scaling.

After feature extraction for each 2D shape,
shape matching for each shape from two models
is calculated. Amount of feature extraction is the
same as rendering, but the amount of shape
matching is much more. In generd, the
computation of matching is much less than that
of feature extraction in order to speedy retrieval
from a large database, since the feature can be
previously calculated and saved to database. The
region-based shape matching algorithm use
simple L1 distance to measure similarity:

ShapeDiff((A B)) = § |ArtM 4[i]- ArtM[i]|

i (4)

where ArtM isthe ART coefficients, ShapeDiff
is the same in the Egn. (3); A and B are two 2D
shapes for matching; i is index of ART
coefficients. Therefore, the 2D shape matching is
Speedy.

Next, get minimum error from different
rotations of dodecahedron, as defined in Eqgn. (3).
The error between different rotations is defined
as summing differences from al corresponding
2D shapes pair. However, there is a little
difference in this stage between coarser and
refined rotation alignment. In coarser rotation
alignment, we use 10-10 camera sets, that is,
searching the best one from 6000 different
rotations. In refined rotation alignment, we use
iterative approach to close the best solution. We
start from 10° and step half for each iterative
until less than 1°. In each iterative, we adjust
rotation of one axis and fix that of another two
axesinthe order of X, Y and Z axis, respectively.
When adjusting rotation of one axis, we rotate
the camera set to the direction that has less error,
until no improvement. Therefore, we can align
the rotation with error less than 1°.

Finally, rotation matrix between dodecahedron
pair that has minimum error, should be
calculated. The rotation matrix (R. or R,) isthen
applied to one model to align rotation to another.
The problem of solving the rotation matrix can
be considered as aligning an edge between two
dodecahedrons, because all edges are aligned if
one edge is aligned. We tilize the function of
coordinate conversion between the Cartesian and
an arbitrary coordinate system to obtain the
rotation matrix. We use Figure 6 to explain our
approach. Suppose that Figure 6 (a) and (c) are
the dodecahedron pair of model A and B,
respectively. The rotation matrix aligns edge (1,2)
in Figure 6 (c) to that in (a). The vector o1 and
02 can form a unique coordinate frame, defined
asfollows:
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Figure 6 Rotation matrix is calculated
between two camera sets.
Ix=o0l
i
iy=2"X
2= o’ o2

)
where “x” denotes cross produce. The notation
Fa and Fg denote the coordinate system of model
A and B, respectively, and Fc denote the
Cartesian coordinate system. Therefore, the
rotation matrix isthe coordinate conversion from
Fg to Fa, that is, Fga. However, 3D modelsarein
Cartesian coordinate system, F¢, so we cannot
apply Fga to model B directly. Model B should
be converted to Fg coordinate system first and
back to Cartesian coordinate system after
applying Fga. The rotation matrix is defined as:

I:CB ) FBA : I:BC

=Fcs -Fac-Fe - Fac
=Fcs - Fac
The Fga can be obtained by Fac - Fcg, and

Fces - Fec can be eiminated, so the rotation
matrix from model B to model AisFcg - Fac.

4. Experimental Results of 3D
Alignment

In order to experiment with the 3D aignment
algorithm, we use 445 models, downloaded from
[20] and [21], for initid testing. The alignment
algorithm should work well at least using the
same models. So those models are randomly
rotated, trandated and scaled by another
program, and then using our 3D alignment
algorithm to test. Figure 7 shows the results, and
amost all of them work well. Each model has
five pictures. Picture 1 is the original model, and
picture 2 is the destination model, which
randomly trandate, scale and rotate from
original model. To clearly look the relation of
the two models, picture 3 put original and
destination model together. So we can see the
difference of trandation, rotation and scaling
between two models. Picture 4 and 5 are the
results of coarser and refined alignment between
two models, respectively.

In the 445 modédls, there are 5274.4 vertices
and 10233.8 triangles in average. The average
execution time for coarsr and refined
dignments are 145 and 235 seconds,
respectively, in a PC with Pentium 111 800MHz

CPU.

In addition, we aso test our agorithm by
using different models. Those models are also
randomly rotated, trandated and scaled by
another program first, and then using our 3D
alignment algorithm to test. Figure 8 shows the
experiment results. All experiment results are
available in the web pages. http://
www.cmlab.csie.ntu.edu.tw/~dynamic/3DRetrie
val/index.html.

5. 3D Model Retrieval

We apply the technique of 3D mode
aignment to perform 3D model retrieval. In
order to reduce the retrieval time, we move 3D
model alignment up to coarser rotation
alignment stage. That is, the search key of 3D
models is the ART coefficients from 2D shapes
of each camera set. We take the minimum error
between two models as the similar measurement
(defined in Egn. (3)). All models are randomly
rotated, trandated and scaled by another
program first, and then using our 3D mode
retrieval to test. The retrieval time is about 4
seconds in a PC with Pentium [11 800MHz CPU.
Figure 9 shows several experimental results of
3D model retrieval. In addition, we also test a
database which has more than 10,000 3D models,
and the results are shown in Figure 10 and 11.
Furthermore, a query interface can be used to
retrieval 3D models from 2D shapes, as shown
in Figure 12. The retrieval from user drawing is
very fast, about 1~2 seconds for searching from
more than 10,000 3D models. The demo can also
be found in http://www.cmlab.csie.ntu.edu.tw
/~dynamic/3DRetrieval/index.html.

6. Conclusion and Future Works

The paper presents an algorithm of 3D model
alignment based on a set of 2D shapes, which
are projected from a 3D position, and then
applies the technique to 3D model retrieval. The
goal of 3D model retrieval isto recover coarser
affine transformations first, and is robust against
affine transformation and most 3D model
processing. In the future, other 2D shape
matching algorithms can be applied to improve
the 3D model alignment agorithm. In addition,
other attributes, such as color and texture, can be
introduced for 3D model retrieval.
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Abstract

With the development of modern 3D modelling and digitizing tools, more and more models have been created
recently, which leads to the necessity of the technique of 3D model retrieval system. Our 3D model search engine
has been designed with the goal to meet entertaining, industrial, commercial, medical, and educational needs.
The system is available on the Wlttf://3d.csie.ntu.edu.fjwvith a database containing over 10,000 models free
downloaded through the Internet. Users can query 3D models by text, drawing 2D shapes using a friendly painting
interface provided, or selecting one 3D model as a query key interactively. The features representing a 3D object,
namely, the Lightfield Descriptors, are extracted from 2D images, which are rendered from cameras positioned on
the vertices of a regular dodecahedron. The Lightfield Descriptors of each model are used to compare similarities
among each other, and the retrieval process takes only 2 and 0.1 seconds with a 3D model and 2D shapes,
respectively. During four months, the system has been widely used for querying over three thousand times from
418 IP addresses in at least 27 countries.

Categories and Subject Descript@#scording to ACM CCS) 1.3.3 [Computer Graphics]: Line and Curve Genera-

tion
1. Introduction Recently, the development of 3D modelling and digitiz-
ing technologies has made the model generating process
1.1. Motivation and applications much easier. The 3D modelling tools, including 3ds Mx

MAYA 30, AutoCAD 31, 3D freeform design system$and
An information retrieval system is a system that is capable of sculpting system¥’, 20, facilitate users to create 3D models
storage, retrieval, and maintenance of information. Original directly on the computers. The 3D digitizing tools, on the
definitions focused on "documents" for information retrieval other hand, digitize 3D objects from the real world, and in-
rather than multimedia integrated informati&n More and clude 3D scanner machiné3 registration from range data
more multimedia information has become available from 16, 17, automatic modelling from multi-view vide&, etc.
sources all over the world, and may be represented in var- Since it is obvious that the 3D modelling and digitizing tech-
ious forms, including still pictures, graphics, 3D models, au- niques will be developed and improved in the future, more
dio, speech, and video. Nevertheless, the value of informa- and more 3D models, accordingly, will be created easier,
tion often depends on how easy it can be found, retrieved, faster and less expensive. The need of developing efficient
accessed, filtered and managédAs we can see, the tran-  techniques for content-based 3D model retrieval is also in-
sition between the second and the third millennium abounds creasing.
with new ways to produce, offer, filter, search, and manage
digitized multimedia information, the trend is getting clear: The technique of 3D model retrieval can be applied to
in the next few years, users will be confronted with a large many practical applications, and is introduced with the fol-
number of contents provided by multiple sources that effi- lowing scenario. Suppose that a user wants to create a digital
cient and accurate access to these boundless contents seentontent, for example, a slide show for presentation or a 3D
unimaginable today®. Therefore, the need of multimedia  computer game. He/She needs a number of 3D models, but
information retrieval has increased. it is impractical to create each one from the scratch. Hence,

(© The Eurographics Association 2003.
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he/she connects to the Internet and visits a 3D model searchin all of the steps leading to reading an item containing the
engine. The search engine is based on content-based 3Dneeded information (e.g., query generation, query execution,
model retrieval, and provides a friendly interface for users and scanning results of query to select items to read, reading
to draw 2D shapes for query. Soon, he/she downloads plenty non-relevant items¥. To minimize the overhead, one of the

of 3D models retrieved from the search engine, and slightly most important issues is to increase the retrieval precision
modifies them before use. Subsequently, he/she needs to dewhen designing a 3D model retrieval system. Therefore, the
sign a 3D trademark for a project. In the existing Trademark purpose of 3D model retrieval is to search relevant 3D mod-
Laws of many countries, 3D shapes are allowed to form el- els efficiently and correctly by querying from a database.
ements of a trademark. Therefore, during designing a 3D One straightforward way is matching the input 3D model to
trademark, he/she uses the technique of 3D model retrieval each one in the database, and ranking by matching similar-
to ensure that no other similar shapes are registered. A 3D ity. The key point is the way to define the similarity between
trademark plays an important symbol for a project, and may two 3D models according to human perception. In general,
be conceived and designed for a long time. Therefore, water- representative features are extracted for each 3D model, and
mark was proposed to be embedded in the 3D trademark to then matched among these models. Therefore, the problem
protect the intellectual proper}. One day, he/she finds the  of 3D model retrieval should be focussed on how to define
same 3D trademark spread on the Internet for other use, andfeatures for representing 3D models and distance metrics for
doubts that the trademark might be infringed by other com- matching the features.

panies. Therefore, he/she searches similar 3D models from
thousands examples via the Internet using the 3D model re-
trieval for pre-filtering, and then applies watermark tech-
nique to find the infringed one.

Several characteristics of matching 3D models make dif-
ferences for other related problems. For example, recog-
nizing objects from 2D images or range images is a tra-
ditional problem in computer visioR?, 23, The difficulty

At a later time, he/she wants to buy a chair with a spe- of the problem lies in different projections, illuminations,
cific shape using electronic commerce (E-commerce) via shadows, reflections, segmentations, clutters, occlusions and
the Internet, and then visits a shopping center, which in- partial matching. Most of these problems don’t exist in 3D
cludes many shopping sites. When he/she queries by the key-model retrieval. However, 3D model is in higher dimension
word "chair", it's very difficult to find what he/she wants than images’ and usua”y representing irregu|ar|y Samp|ed
since too many models are retrieved from the text-based points. Another related problem is in molecular biolddy
search engine. Fortunately, the shopping center also providesone of the problem focuses on partial matching in order to
content-based 3D model retrieval system. With the help of find the common active site among proteins. Note that there
the content-based retrieval system, he/she found the chairis no scaling problem in molecular biology, since binding
in a shopping site soon. Then, he/she visits an art sculpture distance between oxygen (O) and hydrogen (H) is a constant
museum on a web site, which contains many sculptures dig- value.
itized by a 3D scanner, such as David by Michelandélo
He/She wants to review a sculpture, but he/she forgets or In 3D model retrieval, there are many challenges when
never knows the name of that. Therefore, he/she finds the designing representative features, including extracting and
sculpture using the 3D model retrieval technique, and learns Matching among the features. The main challenges are listed
more about it. Since he/she is interested about the specific in the following.
shape of the work, he/she uses the 3D model retrieval sys-
tem to get more sculptures, which share similar 3D shapes
and investigates among them.

(1) Automation: Feature extraction should be automatic
' for dealing with large number of 3D models, which are col-
lected from the Internet. In addition, when querying by up-
Main applications described above include 3D model loading a 3D model, the features of the 3D model should
search engines, verification of 3D trademarks, pre-filtering also be automatically extracted.
for 3D watermarks, and user interfaces for E-commerce and
sculpture museum. Other possible applications of the 3D
model retrieval are 3D object recognition, multimedia edit-
ing, education, digital libraries, functional labelling in 3D
medical images, and molecular biology, etc. In this paper, S
one of the kernel applications, a 3D model search engine, is
proposed in Section 5.

(2) Efficiency: Both feature extraction and matching
should be efficient, especially in feature matching. There-
fore, the size of features should be small for quick compari-
on.

(3) Scope: Feature extraction and matching should work
well in various kinds of 3D models.

(4) Robustness: The features should be robust against
geometric processing, such as similarity transformation
The general objective of an information retrieval system is (translation, rotation and scaling), connectivity changes (re-
to minimize the overhead of a user locating needed informa- meshing, sub-division and simplification), model degener-
tion. Overhead can be expressed as the time a user spendscy (missing, wrongly oriented, intersecting, disjoint and

1.2. Objectives and challenges
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Figure 1: Steps of extracting the LightField Descriptors for a 3D model

overlapping polygons), random noise, smoothing, deforma- and curvature of a patci. However, higher dimension and
tion, and posture changing, etc. irregular sampled points make the analysis more difficult.
Moreover, invisible polygons will damage matching results
preserve important distinctions among 3D models. In addi- n geometry-bqsed approach. For examp!e, .3!:) models cre-
. . . . - ated by modelling tools usually possess invisible polygons
tion, by ensuring that similar 3D models will have similar : . . : o
: especially in articulation, but 3D models digitized by scan-
features, small changes in 3D models should lead to small "
. ning tools do not. On the other hand, one advantage of
changes in features. . . . . . .
image-based approach is easiness of processing since im-
ages are in lower dimension and in regular sampled points.
2. Previous works Besides, unlike still images, the rendered images are well
segmented and easily matched. Nevertheless, image-based
approach might lose 3D information and misplace the corre-
sponding rendered images between two 3D models.

(5) Discrimination: The features should be sensitive to

The technique of 3D model retrieval and matching is an im-
portant research topic in many research organizations from
all over the world, such as Princetén3, CMU 12, Berke-

ley, Stanford, Brown and Texas University in USA, Tokyo

4 and Yamanashi University in Japan, National Research 3. Feature extraction for 3D model retrieval
Council® in Canada, University of Konstarfzin Germany,
Aristotle University8 in Greece, and HP Laboratoriésin
Israel, etc. However, since the software and hardware en-
vironment for 3D models comes to maturity just recently, (1) Since each model has its own coordinated system,
the research topic is a new challenge for all researchers. translation and scaling are applied first in order to ensure
There are many experimental systems available, however, upthat a model is entirely contained in each rendered image.
to now, only two 3D model search engine systems are rela- The input 3D model is translated from the center of the
tively "complete” on the Web for usage all over the world: model to the origin of the world coordinate system, and then
one is built by Funkhouser et al. in Priceton University and scales the axis of maximum length to be 1. The translation
the other one is developed by us. The search engine built by T = (T, Ty, Tz) assigns the middle point of the whole model
Funkhouser et al. is published ACM Trans. on Graphics to be the new origin:

in Jan, 2003, and our approach will be publishedEtJRO-

GRAPHICS 200%hat is also published i@omputer Graph-

ics Forumin Sep, 2003 Different methods of 3D model T = 7
retrieval are used for each system: the former is geometry- 2

based approach and the latter is image-based. According to

the experimental results the retrieval precision (precision-  .i o < Oordinate value afaxis, respectively. The scal-

recall diagram) of our approach is 42% higher than that of ing is isotropic, and normalizes according to the maximum
method proposed by Funkhouser et al. That is, the retrieval distance fromx, y andz axes of the whole model:

results of our approach will be closer to human perception
than that of method proposed by Funkhouser et al.

The steps of extracting tHaghtfield Descriptors for a 3D
model are shown in Figure 1, and detailed in the following.

MaxCoof + MinCoot;

i=x,y,z (1)

where theMaxCoof andMinCoor; are the maximum and

Previous works of 3D model retrieval can be broadly clas- S = 1 2

sified into two categories: geometry-based and image-based Mini—x.z (MaxCoof —MinCoor)
approaches. Geometry-based approach matches 3D models
according to geometric distribution, and image-based ap-
proach does according to the similarity of rendered pro-
jection. One advantage of geometry-based approach is in
the use 3D characteristics, such as topology structufe (2) Render images from the camera positions of the light

Although the stages cannot get the exact translation and
scaling between two 3D models, the image metric of our
approach is robust against translation and scaling.

(© The Eurographics Association 2003.
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Figure 2: Overflow of the search engine system

fields, which is on the surface of a larger sphere. There are 10 27 toolkit. In addition, thumbnails and other related informa-

light fields for each 3D model, and the camera positions of
each light field are set at the 20 vertices of a regular dodec-

ahedron. The camera at each viewpoint is directed towards
the center of the sphere, and the up-vectors of cameras are

placed uniformly. If two 3D models are of different orienta-
tions, their proper corresponding viewing images will have
different rotational angles. It doesn’t matter, since the image
metric of our approach is also robust against rotations.

(3) We use an orthogonal projection in order to reduce the
size of descriptors. Therefore, in a descriptor of light field,

tion of 3D models are generated and stored for user browsing
later.

In the on-line retrieval process, keyword search is avail-
able for text-based retrieval by using RainBow toolkit. For
content-based retrieval, a user friendly interface of drawing
2D shapes is also provided to retrieve 3D models easily even
for a novice. Querying by a retrieved 3D model interactively
and iteratively allows user to get 3D models more similar
and specific. The retrieval is down in a PC with two Pentium
IV 2.4GHz CPUs. Only one CPU is used for the query at

there are 10 images represented from 20 viewpoints. For a one time, and the retrieval takes 2 and 0.1 seconds with a 3D

3D model, 10 descriptors of light fields are created, so there

model and two 2D shapes as the queried keys, respectively.

are totally 100 images that should be rendered and extracted Several implementation details are listed in the following:

for features.

(4) Extract Zernike moment and Fourier Descript8r
from each image. Descriptors for a 3D model are those fea-
tures from the 100 images.

4. 3D Model Search Engine Overview

The search engine system for 3D models consists of off-line
pre-process and on-line retrieval process, as shown in Fig-
ure 2.In the off-line pre-process, a crawling is executed for
downloading 3D models from the Internet first. File con-
version is then applied for getting raw data of 3D models,
including un-compression and graphics file format conver-

(1) Crawling: The 3D models collection is built by
crawling from the Internet. However, it's not easy to col-
lect 3D models from the Web since there are many dif-
ferent file formats for 3D models, and, what is worse,
they are usually compressed in different compressing for-
mats. The crawling process focuses on several web sites
containing high quality 3D models. The crawling is exe-
cuted in UNIX using command "wget" in shell. The down-
loaded files are saved in folder named after the downloaded
path in order to avoid overlapping among files with the
same name. For example, a file "xxx.zip" downloaded from
"http://imww.3dcafe.com/models/xxx.zip" will be saved to
"http/www.3dcafe.com/models/xxx.zip".

sion. Now, there are 10911 3D models in our database after
the conversion. For content-based retrieval, features of 3D  (2) Conversion: As mentioned above, many 3D models
models are extracted and stored in about 6 seconds on the av-are compressed and in different graphic file formats. In this
erage using a PC with Pentium Il 800 CPU. For text-based conversion stage, three steps are applied in a PC with Win-
retrieval, relevant texts are extracted according to file name dows 2000. First, in order to avoid repetition of the same file
of 3D models using WordNe® and indexed by RainBow  name after un-compression in a fold, for each downloaded

(© The Eurographics Association 2003.
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Figure 3: Retrieval results from user drawn 2D shapes Figure 4: Retrieval results from selecting a 3D model

file, a folder is created according to the file name and then tors are saved sequentially, and are in a pre-defined order.
the file is moved to the folder. At the same time, the direc- For eachLightField Descriptor rendered images are also in
tory is also recorded where the model comes form. Second, a pre-defined order for storage. For each image metric, co-
PowerArchiver Command Line (PACL3} is adopted in our efficients are saved in a pre-defined order if more than one
un-compression tools in command line, and can deal with coefficientis in the image metric. For each coefficient, only 8
many compression formats, such as zip, rar, |Iha, etc. bits are saved. For retrieval from database with large number

Third, Deep Exploration 2.0%is used for converting of moqlelg, each coefﬁcient of Zernike moment is also saved

o . ) for 4 bits in another file. As a result, the features are 37.5MB

graphics file formats since the softwar(_e can convert_ bat_ch and 18.7MB for Zernike moment, 10.4MB for Fourier De-
from a folder, and can process many different graphics file scriptor and 1.0MB for Circularity, whereas the raw data of
formats, such as 3ds, wrl, obj, max, etc. all 10911 3D models is about 9GB.

Thus, the file name of each 3D models is appended
a number to avoid repetition and copied to a folder,
and then copy the converted file format back after re-
moving the added number. The file format of Wavefront Figure 3 shows a typical example of querying by user drawn
OBJ 30 file (*.obj) is adopted in our implementation, and 2D shapes of "human" model. Many "human" 3D models are
the material is save as another file (*.mtl). As a re- retrieved. Figure 4 shows the interactive search by selecting
sult, for example, a 3D model "yyy.3ds" is un-compressed a "human" 3D model from Figure 3. As we can see, after the
from "xxx.zip", and the converted file will be put in iterative querying, retrieval results will return more human
"http/www.3dcafe.com/models/xxx.zip/yyy.obj". Note that, models with similar shape.
the conversion may be failed in un-compression or graphic
file format conversion. Therefore, valid 3D models are
checked and listed after measuring in several criteria, such
as polygon number and vertex number.

5. Experimental results

Our search engine with 10911 3D models has been pub-
licly available on the Web since Jan. 2003. Up to now, the
search engine has been improved for many times. The us-
age of the search engine is only listed on querying by 2D

(3) Feature extraction and storage: The approach of fea- shapes and 3D models from "Find Similar" button or brows-
ture extraction for content-based retrieval is proposed in Sec- ing. From Jan. 4 2003 to May 20 2003, the search engine
tion 3. The features are extracted in a PC with a Pentium served 3,475 queries (not counting queries from our lab
111 800MHz CPU and GeForce2 MX video card in windows by removing IP address 140.112.29.xxx), including 2144
2000. On the average, each 3D model with 7,540 polygons query by 2D shapes and 1331 query by 3D model. Those
takes 5.7 seconds to extract features, and the average timequeries come from 418 unique hosts, and in at least 27 dif-
of rendering and extracting a 2D shape takes about 0.06 ferent countries (Domain name can only be found in 309 IP
seconds. Extracting features of 3D models is also suitable addresses). The countries include Australia (.au), Belgium
for both 3D model and 2D shape matching. No extra ef- (.be), Brazil (.br), Canada (.ca), Switzerland (.ch), Czech
fort should be done for 2D shapes. When saving the fea- Republic (.cz), Germany (.de), France (.fr), Greece (.gr),
tures, coefficients of one image metric for all models are Hong Kong (.hk), Croatia/Hrvatska (.hr), Israel (.il), Italy
saved in a file. For each 3D model, thightField Descrip- (.it), Japan (.jp), Republic of Korea (.kr), Malta (.mt), Mex-
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ico (.mx), The Netherlands (.nl), Poland (.pl), Portugal (.pt),
Singapore (.sg), Turkey (.tr), Taiwan (.tw), Ukraine (.ua),
United Kingdom (.uk), Yugoslavia (.yu), and USA (.edu).
The educational institutions in USA (.edu) include UMN,
Princeton, TAMU, CMU, Washington, Purdue, Dratmouth,
Arizona and MIT, etc. Other domain names include .com,
.gov, .mil and .net.

6. Conclusion and future works

In this paper, the work for creating a 3D model search en-
gine is introducedLightField Descriptorsare extracted for
matching similarity among 3D models. Users can query 3D
model by text, 2D shape and 3D shape. Other possible ap-
plications and design issues are also described in this paper.

Several future works are listed in the following. First, au-
tomatic crawling 3D models in all format is an important
step for a 3D model search engine. Then, query interface
also need to be improved in the future. Next, browsing is
also an important issue for a content-based search effgine
Therefore, better browsing tools can be built automatically
for a 3D model search engine.
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Enhanced 3D Model Retrieval System
through Characteristic Views using Orthogonal Visual Hull

Shuen-Huei Guan*

Ming-Kei Hsieh*

Chia-Chi Yeh* Bing-Yu Chen'

National Taiwan University

1 Introduction

The introduction of the Princeton Shape Benchmark database
(PSB) [Shilane et al. 2004] has given rise to extensive research into
ways to accurately perform 3D matching. Among the extant meth-
ods proposed, the LightField Descriptor (LFD) [Chen et al. 2003]
based method currently is the most accurate, but it suffers from a
deficiency in on-line matching speed. The contribution of this re-
search is twofold. First, fewer characteristic views are used instead
of huge images to boost the on-line retrieval time. Second, depth
information is employed to keep the retrieval accuracy.

2 Description

In Chen et al.’s system [Chen et al. 2003], several images, taken
from different views around, are used to represent a 3D model,
which are then transformed into descriptors. Thereafter, the match-
ing of any two 3D models is achieved by matching two groups of
2D images by those descriptors. 100 images for each model are
required, represented by 4 descriptors, which are Fourier descrip-
tor for contour region, Zernike moment descriptor for shape region,
circularity and eccentricity.

Figure 1: Different pose estimations by PCA (left) and OVH (right).

Our proposal to improve on-line speed is based on reducing the
number of images required for each 3D model. Some other research
made use of three principal axes by Principal Component Analysis
(PCA), applied in pose estimation phase. Although PCA has nice
meaning in statistics, it does not fit most cases in 3D model retrieval
and its resulting views do not fit user’s input of 2D sketches, as
illustrated in Figure 1.

Hence, we propose Orthogonal Visual Hull (OVH) to establish pose
estimation. Visual hull is an algorithm to reconstruct a 3D model
from several views. Given a 3D model and images taken around,
since visual hull does not capture concavities, the volume of the
reconstructed model is always greater. In other words, the smaller
volume we get, the closer approximation it fits the original model.
There are two criteria to determine the number and mutual relation
of views: 1) The views can be transformed into characteristic axes
without obstruction and 2) the visual hull by these views is very
close to the original model. Therefore, we chose three orthogonal
views because there are three characteristic axes in pose estimation,
and relatively orthogonal views carve much space in most cases.
Then the next task is to get the views forming the least volume.
The global minimum is extracted by the heuristic: (i) find local
extrema from widely varying starting orientation of the 3D model
by an iterative stochastic method or downhill simplex algorithm as
Figure 2, (ii) pick the most extreme of these. The method is slow,

*e-mail:{drake, lionkid, id5} @cmlab.csie.ntu.edu.tw
Te-mail:robin@ntu.edu.tw

but off-line and we are exploring to use faster algorithms, like con-
jugate gradient descent. Sometimes, the extreme is not unique. In
our experiment of randomly picking one extrema to 3D model re-
trieval system [Chen et al. 2003], the resulting retrieval accuracy is
nearly the same.

Figure 2: Heuristically pick the characteristic views that form the
least volume.

Using fewer images raises the possibility of losing information nec-
essary for 3D matching. By employing the Generic Fourier De-
scriptor (GFD) [Zhang and Lu 2002], we are able to compensate
the information loss because it supplies additional depth informa-
tion. Therefore, for each image, its contour, shape and depth infor-
mation are all covered. In order to make use of GFD, the system
takes 2 images for each characteristic axes. Consequently, the to-
tal number of images taken from each 3D model is reduced from
100 to 6. The number of pair-wise image matching is reduced from
5460 to 24. And the retrieval accuracy is nearly the same to the
original system.

In summary, this research enhances the extant best matching
method [Chen et al. 2003] by two means: 1) improving the on-line
speed 93 times faster at the cost of 5 times deceleration of the off-
line process, and 2) keeping the retrieval accuracy. The proposed
OVH is also a brand new idea for pose estimation. Additionally,
the shapes of the resulting characteristic views generated by OVH
more closely fit human visual perception.

Storage Size  Off-line Gen-  On-line Mat-

(bytes) erate Time (s)  ch Time (ms)
LFD 4,700 3.25 1.300
LFD with OVH 2,592 15.72 0.014
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The project, T MPEG-4/7 QoS-supported content delivery technology j, will
develop two technologies : (1) [MPEG-2 Transport Stream Model for MPEG-4
Data)and (2) [ MPEG-4/7 QoS-Supported Proxy Server]) . Technologies developed
will support the transport stream layer of interactive TV proposed by the
collaborated project and both manage the using of bandwidth and guarante the
quality of service .

The proposed [ Intelligent Bandwidth Adapted Transmission module ]
technology : In order to adapt the dynamic available bandwidth on Internet, Clients
continueously report the receicing status to the Server. After receiving the
parameter, the Server will adjust the transmission bandwidth and mode by suitable
schemes, e.q., rate shaping, FEC coding to make Clients use network bandwidth
efficiently and get the highest quality.

The proposed [MPEG-4/7 QoS-Supported Proxy Server] technology : The
proxy server will extract the network-related parameters from Ds and DSs defined in
MPEG-7 and ask the origin server and the client for what is the request of resource
to create proper connections for achieving the quality of servive. And, caching the
prefix data of content, proxy server can minilize the network initial delay and
network gitter. So, by understanding the properties of content and using the limited
resource more efficiently, proxy server can achieve the individual request of network
transport of different media applications. In the part of transport protocol, we apply
the standard protocols of industry. Using RTSP (Real Time Streaming Protocol) for
the control protocol and RTP(Real-time Transport Protocol)/RTCP(Real Time
Control Protocol) for transfering real time data. The goal of this project is to develop
the transport stream layer of the interactive TV and to design the new generation
proxy server to guarantee the quality of service and realize the network media
application.
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Low Latency and Efficient Packet Scheduling for
Streaming Applications

Eirc Hsiao-Kuang Wu*, Hsu-Te Lai*, Meng-feng Tsai *, Cheng-Fu Chou'

*Department of Computer Science and Information Engineering
National Central University, Chung-Li, Taiwan, R.O.C.
TDepartment of Computer Science and Information Engineering
National Taiwan University, Taipei, Taiwan, R.O.C.
hsiao@csie.ncu.edu.tw

Abstract— Adequate bandwidth allocations and strict delay
requirements are critical for real time applications. Packet
scheduling algorithms like Class Based Queue (CBQ), Nested
Deficit Round Robin (Nested-DRR) are designed to ensure the
bandwidth reservation function. However, they might cause un-
steady packet latencies and introduce extra application handling
overhead, such as allocating a large buffer for playing the
media stream. High and unstable latency of packets might
jeopardize the corresponding Quality of Service since real-time
applications prefer low playback latency. Existing scheduling
algorithms which keep latency of packets stable require knowing
the details of individual flows. GPS (General Processor Sharing)-
like algorithms does not consider the real behavior of a stream. A
real stream is not perfectly smooth after forwarded by routers.
GPS-like algorithms will introduce extra delay on the stream
which is not perfectly smooth. This thesis presents an algorithm
which provides low latency and efficient packet scheduling service
for streaming applications called LLEPS.

I. INTRODUCTION

The number of new real-time applications is growing dra-
matically as more and more broadband services are avail-
able. The current best-effort service for Internet delivery of
data cannot be sufficient for new multimedia applications. A
variety of new multimedia applications such as voice over
IP, video on demand and teleconferencing rely on network
traffic scheduling algorithms in switches and routers to assure
performance bounds to satisfy different QoS requirements.
Typical VoIP (Voice over IP) applications require low latency
and less bandwidth; VoD (Video on Demand) applications
require a huge volume of bandwidth, but they can tolerate
higher latency than VoIP applications. Unlike bursting data
traffic applications, real-time applications usually do not try
to consume all available bandwidth. In most cases, the re-
quired maximum bandwidth for a real-time application can be
expected, such as a typical streaming application.

Since most of existing routers only provide best-effort
services, the traffic of streaming applications will compete
with other traffic of data services like FTP, HTTP and so on.
The packets of streaming applications may experience higher
latency or be dropped because of the competition among
different kinds of traffic. Therefore, the quality of streaming
application can not be guaranteed and new technologies are

IEEE Communications Society

necessary to offer quality of service (QoS) for these real time
applications.

A number of research solutions propose to enforce the
fairness among Internet flows. The proposed fairness schemes
makes that each flow consumes almost the similar bandwidth.
They prevent the competition between flows and assure no
starvation of any flow. The above researches assume that all
flows have end to end congestion control mechanisms to adapt
to the same compromised bandwidth assignments. The real-
time application can only survive with enough bandwidth
and different real-time applications may demand different
bandwidths. Therefore, enforcing each flow getting the same
bandwidth is not applicable.

Differentiated services (DiffServ) [1][2] and integrated ser-
vices (IntServ) [3] are proposed to make the network to be
QoS aware in IP networks in the mid 1990s. RSVP [4] is
proposed for reservation for the IntServ approach and it defines
how to allocate bandwidth hop by hop. Bandwidth allocation
makes that each flow can get different bandwidth. Real-time
applications can allocate bandwidth as they need, then they
don’t need to compete with other flows anymore.

Bandwidth reservation can ensure the delay of packets of
real-time applications bounded into some value. Class Based
Queue (CBQ) [5] has proposed a link sharing scheme which
can be extended for bandwidth reservation implementation.
However, CBQ does not consider the latency of packets and its
service could be bursty for delay-bounded service constraints.

In addition to bandwidth guarantee, the latency of packets
is required to be low and stable for some particular real-
time applications. Bandwidth guarantee ensures no packets of
streaming applications being dropped. Stable and low latency
makes the playback latency of streaming-applications low.
Therefore, bandwidth guarantee and stable and low latency
are the two major requirements for stream applications. The
bursting service providing by CBQ can not keep the latency
of packets stable. Besides CBQ, other packet scheduling algo-
rithms providing bandwidth reservation have been developed.
They can be separated into three categories: GPS (Generalized
Processor Sharing) like, frame based and regulative.

GPS is a concept of how multiple tasks (sessions) sharing
a single processor in an OS. The sessions can get different

0-7803-8533-0/04/$20.00 (c) 2004 IEEE
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service rates at the same time, and they are served simul-
taneously. For applying GPS to the network technologies, it
should be not noted that the service of GPS is bit by bit.
However, the network service is packet by packet. Due to
the different service units of GPS (bit-based) and Internet
(packet-based), the algorithms WFQ [6] and WF2Q [7] have
been developed. Since they are all simulating GPS, they are
classified as GPS like algorithms. The GPS like algorithms
can extend the bandwidth sharing into bandwidth reservation
and assure the packet behaviors smooth. In other words, GPS
like packet scheduling algorithms mostly consider the latency
of packets and bandwidth sharing ratio.

Frame based packet scheduling algorithms like DRR [8],
NDRR [9] are different from GPS. They adopt different ap-
proaches to provide bandwidth sharing (reservation) services.
They service all queues round by round and have no complex
control mechanisms. The major advantage of frame based
packet scheduling algorithms is efficiency. The disadvantage
is that they only consider the queues which are always
backlogged. That makes the latency of packets of the queues
not always backlogged unstable.

The algorithms [10][11] are regulative packet scheduling
algorithms. In regulative packet scheduling algorithms, each
queue has a regulator which controls forwarding of packets.
They can keep the latency of packets stable and the provide
bandwidth reservation, but they are not scalable and hard to
implement. Since the regulator demands to know the details
of the flow, each regulator is only designed or configured for
a particular flow. The regulative packet scheduling algorithm
suffers the same problem of Integrated Service Framework [3].

II. OVERVIEW OF LLEEPS

LLEPS is a packet scheduling algorithm. It can be the
foundation of DiffServ, IntServ and RSVP. The relationship
of them is represented in Figure 1. LLEPS can provide
underlining packet scheduling service for them.

Whenever the bandwidth of bottleneck is not overwhelmed
for on-going distinct multimedia applications, the consequent
queuing delays of packets will be small and stable. Since the
propagation time and transmission time of a packet on a link
are constant values, the major cause of jitter is the queuing
delay. In other words, as the queuing delay is small, the jitter
will also be small. Streaming applications (ex: Mpeg Video
Streaming) are not like bursty data oriented applications, such
as TCP. They will not try to consume the bandwidth as much
as possible. They usually consume the bandwidth as much
as they need. LLEPS assumes streaming applications will not
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Fig. 2. Parameters of a queue

utilize more bandwidth than they need. The latency of packets
can be bounded into a L/R value if the flow never uses more
bandwidth than reserved bandwidth. L denotes the size of the
packet and R denotes the reserved bandwidth.

LLEPS maintains multiple queues and each queue is used
only for a session. Upon receiving a packet of a session,
LLEPS puts it into a specific queue. The scheduler chooses
the queue with the highest priority and forwards packets for
the queue.

[ts,tf] denotes a time interval from time ¢y to ty. The
reserved bandwidth for the session i is 7;. The bandwidth of
the link is B. The link can forward W bytes in the time interval
[ts.tr]. The number of sessions in the system is n. The data
length consumed by the session i from ¢ to t is w!. Under
the condition that the inequality (3) holds, LLEPS can work.
If the session i does not consume more bandwidth than 7;, the
inequality (4) always holds.

W =B x (t; —ts) ey

w; =1r; X (tf — ts) (2)

S wi<W 3)
=1

wh < w; “)

LLEPS gives the session i a higher priority when equation
(4) is true. It denotes that LLEPS can guarantee bandwidth
for each session even when other sessions consume bandwidth
more than the bandwidth of the link.

wh <y x (t—t) )

pi = wl/r ©)

If the session i temporarily consumes more bandwidth than
the reservation, the inequality (5) will not be true. LLEPS
determines the priority of each session from this concept. Let
p; be the priority of the session i. The equation (6) shows the
way the value of p; is determined. The lower p; denotes the
higher priority in LLEPS. Figure 2 shows the relationship of
p, w, r and the queue.

The value of p; can be an indicator to reflect the greedy
status for a particular session. At any moment, p; of each
queue should be similar. As a session is more aggressive than
others, its p; value will be larger than others’. According to
the property of p;, LLEPS only needs to forward packets of
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the queue with a lower p; value than others. The behavior of
LLEPS is able to keep the p; value of each queue similar.

LLEPS provides the packet forwarding service based on the
concept of time slice. LLEPS defines a time interval [¢,,t ;] and
tries to reserve bandwidth for each session. It can guarantee the
bandwidth in the current time interval, the next time interval
and so on. Let T be the length of [t,,t¢] and LLEPS must
update the usage status of each queue every T seconds. It
ensures that each session can get the bandwidth reserved for
it in each time slice.

A. Components of LLEEPS

LLEPS contains these components: a system timer, a sched-
uler, queues and a min heap. Figure 3 introduces the basic
architecture of LLEPS and the relationships between the three
components.

1) Queues:

There are numbers of queues in the system. The relation-
ship between queues and sessions is one to one. A session
may contain multiple flows. When a packet arrives, LLEPS
classifies it by the IP address or the port number of UDP or
TCP and puts it into the corresponding queue. The way to
classify packets could be flexible for distinct requirements.

There are several properties for a queue: Q, w and ts. Q
value is the data length LLEPS will reserve for the session
(queue) in a time slice. The value of w is the number of bytes
that the queue has been served in the time slice. The value of
ts is the time stamp of a queue and it denotes the time that
usage status of the queue has been updated. These properties
can be utilized to reflect the usage status of the queue.

LLEPS uses the value of Q and the value of w to determine
the priority of the queue and uses ts to determine that the usage
status of the queue should be updated or not.

2) Min Heap:

Min Heap is used to store the indexes of queues. It makes
the scheduler able to pick the queue with the highest priority
quickly.

3) System Timer:

System Timer is used to update the time stamp of the
scheduler. After the scheduler picks a queue, it learns that
the usage status of the queue should be updated accordingly
as the time stamp of the queue is older than the time stamp
of the scheduler.

IEEE Communications Society
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System Timer updates the time stamp of the scheduler
periodically. The period is defined as tick.

4) Scheduler:

The scheduler picks the queue with the highest priority to
serve. After forwarding a packet from the queue, the scheduler
will update the usage status w of the queue and put it into the
Min Heap. The scheduler will update the ts value of the queue
if the time stamp of the queue is smaller than the time stamp
of the scheduler before putting the queue into the Min Heap.

There is a trick between ts and the Min Heap. While
comparing the priority values of two queues, the queue with
a smaller ts value will get a higher priority. This ensures that
the scheduler can pick the queue which needs to be updated
the w and ts values without any packet forwarding.

III. SIMULATION EXPERIMENTS
A. Simulation Environment

The simulations are implemented using Network Simulator
2. The topology used in the simulation is presented by Figure
23. The circle with a number is a node and it denotes a sender
or a receiver. The number n on it denotes that it’s nth pair of
a sender and a receiver. The circle with ER or DR is a router.
The bottleneck of the simulations is the link between the
two routers in Figure 4. The bandwidth of the links between
nodes and routers is 100Mbps and the propagation delay is
1 millisecond. The link between two routers is 1Mbps and
15 milliseconds. LLEPS and Nested-Deficit Round Robin are
applied on the simplex link from ER to DR.

B. Bandwidth Sharing

The bandwidth sharing experiment is to show the ability
of LLEPS to provide bandwidth sharing. In the bandwidth
sharing experiment, the same scenario is applied for LLEPS
and NDRR. Three UDP flows are created: 500Kbps for UDP
1, 300Kbps for UDP 2 and 200Kbps for UDP 3. Each UDP
flow runs with 10Mbps. UDP 1 starts at Oth second, stops at
15th second and starts at 25th second again. UDP 2 starts at
5th second. UDP 3 starts at 10th second. In NDRR, Q,,in
is set to 1500 bytes. The packet size of the test is set to 500
bytes.

The receiving rate of the three UDP flows should be 5:3:2
at any time in the idea case. Figure 5 shows the result of
LLEPS and Figure 6 shows the result of NDRR. The ratio of
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reserved bandwidth for the three UDP flows is 5:3:2. Figure 6
demonstrates that NDRR always keeps the sharing ratio of all
flows the same as the ratio of reserved bandwidth. However,
LLEPS does not always keep the sharing ratio but it ensures
that all flows can get reserved bandwidth.

In Figure 5 from 5th second to 10th second, only UDP flow
1 and UDP flow 2 are running. The sharing ratio between
the two UDP flows should be 5:3. But the real sharing ratio
in LLEPS is 3:2. In the experiment, after LLEPS updating
the queue for UDP flow 1 and UDP flow 2, the value w is
always equal to the value Q because the two UDP flows using
more bandwidth than the reserved bandwidth all the time. The
updating of all queues happens at the same time and UDP flow
2 may sent one or two more packets before the updating. The
unfairness is never memorized by LLEPS. That’s the reason
why the sharing ratio between the two flows is not 5:3.

C. Bandwidth Reservation

The goal of the experiment is to test the ability of LLEPS
to provide bandwidth guarantee. LLEPS allocates 200Kbps for
UDP flow 1 and 300Kbps for UDP flow 2. The bit rate of UDP
flow 1 and UDP flow 2 are 200Kbps and 300Kbps. UDP flow
1 starts at Sth second and UDP flow 2 starts at 10th second.
There are four background TCP flows competing with the two
UDP flows.

Figure 7 presents the result of the experiment. Before
the starting of the two UDP flows, four TCPs take all the
bandwidth of the bottleneck. After the first UDP flow starts, it
gets the bandwidth reserved to it. The second UDP flow also
gets the reserved bandwidth. Since LLEPS allocates bandwidth
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for the two UDP flows, the bandwidth for the two flows will
not be used by the four TCPs. The four TCPs share the left
bandwidth 500Kbps. The result shows that LLEPS is able to
provide bandwidth guarantee.

D. Buffer Under Run Problem

As described, NDRR and other frame-based packet schedul-
ing algorithms do not perform well when some queues are not
always active. The delay of packets is not stable.

In the simulation, ten flows are running and both LLEPS
and NDRR allocate 100Kbps for each of the ten flows. The
bit rate of the first nine UDP flows is 1Mbps and the bit rate
of the tenth UDP flow is only 80Kbps. The queue belonging
to the tenth UDP flow will be empty at most of time and
other queues will be always active. The first 9 UDP flows are
background traffic and keep the bottleneck link busy.

The 10th UDP flow is used to simulate a streaming appli-
cation. Most streaming applications like VoD and VoIP do not
have special control mechanism to control the behavior (bit
rate or something else) of the stream. A CBR (Constant Bit
Rate) MP3 (MPEG Audio Layer 3) broadcasting is just like a
CBR UDP flow. This is why an UDP flow is able to simulate
a streaming application here.

This paper uses Delay Jitter to represent the stability of
latency of packets. The definition of Delay Jitter is the same as
RTP. R; is the receiving time of packet i. .S; is the sending time
of packet i. D;_1,¢ denotes the delay variation between two
consecutive packets. J¢ is the smoothed function of D;_1,1.

Di1;=(Ri—Ri—1) — (Si — Si—1) )

Ji = 15/16 X Ji—l + 1/16 X |Di—17i| (8)

In the experiment, only the J; of the 10th UDP flow is
plotted. The packet size is set to 100 bytes, 500 bytes and
1400 bytes. Qmin in NDRR is set to 1500 bytes. In LLEPS,
tick is set to 250 milliseconds.

Figure 8, Figure 9 and Figure 10 are the results of the
simulations. The solid line is the result of LLEPS and the
dashed line is the result of NDRR. In these simulations, no
packet of the 10th UDP flow is dropped. In Figure 8, the
transmission time of a packet on the bottleneck link is 0.8
milliseconds. In Figure 9, it’s 4 milliseconds. In Figure 10,
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it’s 11.2 milliseconds. If the transmission time is longer, the
delay jitter will also become longer. In LLEPS, the delay jitter
is always approximate to 50 percent of the transmission time
of a packet. The experiment shows that LLEPS can handle the
problem much better than NDRR.

IV. CONCLUSION AND FUTURE WORK

This paper introduces a new scheduling protocol (LLEPS)
to provide bandwidth guarantee service efficiently. In addition
to ensuring bandwidth guarantee services, LLEPS does not
introduce much delay jitter effects for packets. NDRR does
not address "Buffer Under Run Problem” but LLEPS does.
Since LLEPS always serves the queue with the highest priority,
it provides preemption mechanism for packets. However, in
NDRR, the service sequence of each queue is constant. The
continuous work of LLEPS is to design a better way to

Fig. 10. Delay Jitter with 1400 bytes packet size
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determine the priority of each session. LLEPS determines the
priority of each session based on the corresponding transmis-
sion rate. LLEPS estimates the transmission rate of a session
in a time interval. When the time interval is too small, the
estimation will become very unstable and no meaning for

LLEPS. The continuous efforts will address the issue.
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Abstract

In traditional infrastructure-based IEEE 802.11 wireless
LAN network, all the mobile nodes associated themselves
with an access point (AP) share the same wireless channel
with other mobile devices. In such wireless network environ-
ment, there are two major inefficiencies: (a) load imbalance
among different APs: when the distribution of the location
of mobile nodes is non-uniform, this might result in a situ-
ation where a lot of mobile nodes access a single AP and
the rest of APs are idle, and (b) poor resource utilization:
most of the mobile nodes contend for the wireless channels
of APs while there are some unused and available wireless
channels, which can be used to set up ad hoc groups. In this
paper, we propose the hybrid WLAN (H-WLAN) framework
to address these two problems. First, our H-WLAN frame-
work provides the adaptive service selection module for the
mobile node to figure out a better wireless channel and the
server to get its service. Second, the popularity-aware chan-
nel management module is able to efficiently integrate the
ad hoc mode with the infrastructure mode by allowing mo-
bile nodes to set up a new ad hoc group and then share their
resources with other nodes within that group. The simula-
tion results show that our H-WLAN framework can substan-
tially (a) achieve high utilization and load balance among
wireless channels with lower control overhead, and (b) pro-
vide better quality of service for the mobile nodes.

1. Introduction

Wireless local area networks have come into great use in
recent years. Although a variety of wireless network tech-
nologies have been in the market, wireless LANs based on
the IEEE 802.11 standard are the most popular. There are
two operation modes, i.e., the infrastructure mode and the
ad hoc mode, specified in IEEE 802.11 standard. In the ad

*  This work was partially supported by the National Science Council
and the Ministry of Education of ROC under the contract No. NSC92-
2622-E-002-002 and 89E-FA06-2-4-8.

hoc mode, all mobile nodes are free to directly communi-
cate with each other in a peer-to-peer manner. Another op-
tion of the operation mode in WLAN is the infrastructure
mode, where each mobile node associates itself with an ac-
cess point (AP) within its direct transmission range. The
AP is connected to a wired network and provides a conduit
to the external network for the mobile nodes. Communica-
tions can only take place between the wireless node and the
AP but not directly between the wireless nodes.

In this paper, we consider the problem of distributing
popular data at the server to users in a wireless LAN en-
vironment. The data dissemination problems correspond to
a set of important applications. These applications include
distribution of course slides in a class, dissemination of use-
ful information in the info-station, online documents dis-
tribution in a conference, and many more. In a traditional
infrastructure-based WLAN, all communications will go
through the APs, but an AP can only provide a certain
amount of bandwidth (e.g., 802.11b is 11 Mbps) for all
users within its transmission coverage. In such wireless net-
work environment, there are two major inefficiencies: (a)
load imbalance problem among the APs: when the distribu-
tion of the location of the mobile nodes is non-uniform, this
might lead to a situation where a lot of nodes access a sin-
gle AP but other APs are idle, and (b) poor resource utiliza-
tion: most of the nodes contend for the wireless channel of
the AP while there are still some unused but available wire-
less channels, which can be used to set up ad hoc groups.
When the number of users increases within an AP’s cell, the
contention for the wireless channel will lead to more col-
lisions, degradation in system throughput, and longer data
delivery time for the mobile nodes. To increase the system
throughput and reduce the user’s response time, a simple so-
lution is to allocate more bandwidth for users by installing
more APs, which use different wireless channels, but this
approach is expensive and not flexible to deal with the “tem-
porary” fluctuation of the network load.

In a wireless network environment, an important obser-
vation for the data dissemination applications is that most
local users are interested in nearly the same set of objects.



In other words, since the requested objects of local users
are similar, the mobile nodes can form a local ad hoc group
to communicate with each other for sharing those objects
without going through the APs until they have to switch
back to the infrastructure mode. Furthermore, setting up
the local ad hoc groups, which use different channels from
the APs, can mitigate the contention and collisions in the
infrastructure-based APs channels. Therefore, if we can ef-
ficiently integrate the ad hoc mode and the infrastructure
mode, such hybrid WLAN is able to increase both the sys-
tem and user’s throughput, and provides a better and con-
sistent service.

However, there are several important issues that need
to be addressed in order to to design a high-performance
hybrid WLAN framework. The first one is the service
selection problem between different ad hoc groups and
infrastructure-based networks. The second one is channel
allocation problem including when to set up a new ad hoc
group and which channel should be assigned to that group.
An inappropriate service selection or channel allocation
mechanism may lead to congestion in some channels or
servers while others might be idle. In our H-WLAN frame-
work, we use the adaptive service selection module for the
mobile node to figure out a better channel-server selection
to get its service, while achieving higher throughput for
the mobile node and the load balance between the wire-
less channels. The popularity-aware channel management
module is used to determine the proper wireless channel al-
location to fast and correctly react the actual network con-
dition. The simulation results show that our H-WLAN can
result in significant performance improvements. That is, the
H-WLAN can efficiently integrate the ad hoc and infrastruc-
ture modes and achieve load balance among wireless chan-
nels, better channel utilization, and higher throughput for
both the system and the mobile nodes.

The remainder of the paper is organized as follows. In
section 2, we review the related works on integrating the
ad hoc wireless network with infrastructure-based WLAN.
The H-WLAN framework is described in Section 3. Sec-
tion 4 presents a performance study of our proposed frame-
work. At last, the conclusion is given in Section 5.

2. Related Work

In general, most of works on ad hoc networks focus on
providing routing technologies to improve the efficiency
of content distribution applications. In [9] the authors pro-
pose two schemes, i.e., CacheData and CachePath, that the
mobile nodes cache the popular data or data path for oth-
ers in the same ad hoc network whereas our H-WLAN
system aims to improve data access in the infrastructure-
based WLAN environment with the help of multiple ad hoc
groups.

On the other hand, some works based on infrastructure
mode network aim to improve the performance of content
dissemination and provide the QoS. In WICAT system [7],
each mobile node has a list of interested objects, and these
objects may be located at different infostations. Only when
a mobile node moves close to an infostation, it is able to
download those objects that are available at that infosta-
tion and match user’s preference. In [8], their framework
supports a map-on-the-go application, i.e., users move be-
tween infostations, and each infostation provides relevant
maps to these users. These two systems focus on design-
ing an efficient infrastructure-based wireless system to dis-
tribute useful objects and information for users; however,
our framework is a hybrid wireless system integrating the
ad hoc mode with infrastructure modes.

Other frameworks or systems, include [6], [1], [10],
NUMI [5], and M2-WLAN [2], use peer-to-peer commu-
nication to assist the infrastructure-based system for data
exchange or distribution. [10] did an initial study on us-
ing non-cooperative mechanism, e.g., peer-to-peer commu-
nication, to improve the efficiency of content distribution
for the infostation system. Two encountered mobile nodes
check the file content lists of each other, identify some
files they need, and exchange those files. In NUMI [5], the
APs collaborate among themselves and can predict the mo-
bile node’s location in the near future. Using this informa-
tion, the AP is able to select another mobile node, which is
likely to move around the vicinity of the destination mo-
bile node, to piggyback the requested data for the desti-
nation mobile node. However, how to predict the moving
behavior of mobile nodes has the great effect on the per-
formance of the NUMI system. In the M2-WLAN frame-
work [2], besides communicating with the APs, the mobile
node can also switch to ad hoc mode to connect with an-
other node under the administration of the AP, the central
manager that assigns channels and keeps the information for
all mobile nodes. Both NUMI and M 2-WLAN frameworks
are for host-centric applications while our H-WLAN frame-
work is for data dissemination applications. In addition, the
peer-to-peer communication is a single-hop connection in
NUMI and M 2-WLAN systems but can be a multi-hop con-
nection in our H-WLAN framework, i.e., the transmission
coverage of our framework can be extended by relaying data
through multiple nodes.

Lastly, much work (as described in [3]) has been done in
addressing server selection problems for services replicated
across wide-area networks. We note that our work differs
from them in (i) our adaptive service selection module can
maintain a better tradeoff between the load balancing nodes
across the service and locating a “closer” service to a node,
and (ii) how to manage channel allocation in the H-WLAN
framework has a great impact on the performance of the ser-
vice selection scheme.



3.Hybrid WLAN Framework

In this section, we first give an introduction about how a
mobile node can switch its connection between the infras-
tructure mode and ad hoc mode in the IEEE 802.11 stan-
dard and then present our H-WLAN framework.

In a MAC frame header, ToDS and FromDS bits repre-
sent the frame to be transmitted into a Distribution System
(DS) or from a DS and indicate the meaning of the four ad-
dress fields in the MAC frame. If both ToDS and FromDS
bits are zero, this packet is exchanged between two wire-
less nodes without an AP involved. If a mobile node runs
in the infrastructure-mode, the ToDS bit is set to one and
FronDS is set to zero. This means that the mobile node
sends a packet to another node via the AP. In this work we
assume that a mobile node can change some parameters set-
ting to decide which mode (or wireless channel) it would
like to use. That is, a mobile node can switch between the
infrastructure mode and ad hoc mode dynamically. Usually
there are multiple wireless channels available in a wireless
network. For instance, there are 14 channels defined in the
DSSS PHY frequency channel plan in the 802.11 standard.
Our goal is to make use of the available but unused wire-
less channels to form some ad hoc groups for assisting the
data distribution to relieve the traffic load at the APs and to
improve the performance for both the system and the users.

The main challenge of H-WLAN framework is how
to efficiently integrate ad hoc mode into the traditional
infrastructure-based WLAN environment. To address this
challenge in the H-WLAN framework, we propose two ma-
jor components (a) the adaptive service selection module,
and (b) popularity-aware channel management module. Af-
ter a mobile node joins the wireless network and wants to
get the objects, it first uses the service selection module to
decide it can get the requested objects from which server
through which channel. In popularity-aware channel man-
agement module, the H-WLAN system is able to decide
when and how to set up a new ad hoc group and to allo-
cate which channel to this group. If a mobile node would
like to share its objects with other nodes, the H-WLAN sys-
tem determines if it is necessary to set up a new ad hoc
group or just notifies this node to join the existing ad hoc
group to share its resource using the same wireless chan-
nel. Next, we discuss each of them in detail accordingly.

3.1. Adaptive Service Selection Module

To choose a proper server, the service selection mod-
ule consists of two phases: one is the resource discovery
phase and the other is the server-channel selection phase.
The resource discovery phase is that the system first pro-
vides the potential server list, i.e., a list of all accessible
servers which can provide the requested object, to the re-

objectid | channel id | available server id
3 1 9,8

2 7
7 1 9

Table 1. Group Information Table.

channel id | group leader | status
1 9 on
2 7 on
3 null off

Table 2. Channel Status Table.

quest maobile node. After the mobile node acquires the po-
tential server list, it can use that information and choose a
proper server. For instance, when the mobile node in the
infrastructure mode wants to get an object via the wire-
less network, it might contact with one of the APs within
its direct transmission range and then obtain the potential
server list from that AP. In order to provide such informa-
tion, we use the APs as an information-managing center,
and each AP maintains a group-information table, which
contains three fields: the object id, the wireless channel and
the available servers. Each tuple in the server list of object
1, as shown in Table 1, contains two fields: the first field is
the wireless channel used by these corresponding servers in
the available server field, and the second field is the avail-
able servers, i.e., the nodes hold object ¢ at that moment
and in this ad hoc group. The discussions of the mainte-
nance issues, such as how to set up, delete and update the
group-information table, are presented in the following sub-
sections.

3.1.1. Resource Discovery Phase: Next, we describe
how a mobile node, according to its location, obtains the po-
tential server list below:

1) Within the AP coverage: when the mobile node is
within some APs’ transmission range, there are two pos-
sible cases as follows. If this mobile node is in some ad
hoc group, it first needs to switch back to the infrastruc-
ture mode without affecting ongoing communication. That
is, the mobile node examines if it is involved in the process
of any ongoing communications. If so, the mobile node has
to wait for the end of those communications and then switch
back to infrastructure mode. Otherwise, the mobile node is
able to switch back to the infrastructure mode immediately.
After the mobile node switches back to the infrastructure
mode, the following procedures are the same as those in the
infrastructure mode case. If this mobile node is in the in-
frastructure mode, it sends out the request message to one
of those APs and asks for the potential server list.



2) Beyond the AP coverage: when the mobile node is be-
yond the transmission range of any AP, it randomly joins
an ad hoc group within its direct transmission range and
then sends out the request message to the leader of that ad
hoc group. After receiving the request message, the group
leader processes that message, generates the corresponding
request message and switches to the infrastructure mode to
send that request message to the AP for that request mo-
bile node. After getting the source list, the group leader for-
wards the resource information back to the mobile node.
Since the group leader is the relay node for those mobile
nodes which cannot access any AP, one sufficient condition
for the group leader is that it should locate within transmis-
sion range of some APs.

As the AP receives the request, it cannot tell if this re-
quest is from the intermediate node such as the group leader
or not. The AP retrieves the potential server list from the
group information table and returns that information to the
client. The potential server list records all members that
hold the requested objects in each different ad hoc group.
In the traditional infrastructure-based 802.11 WLAN, if a
mobile node is out of any APs’ transmission range, it is
unable to set up any wireless connection even if there are
some mobile nodes within its transmission range. The intu-
ition behind our work is the mobile node still has the chance
to get its requested objects via its neighbor nodes in an ad
hoc group even though it cannot connect to any AP directly.
Therefore, the data delivery range in H-WLAN is extended
via combining the ad hoc mode, and it also lets more users
be able to get their requested objects.

3.1.2. Server-Channel Selection Phase: After a mobile
node gets the potential server list from the AP, it is likely
that there is more than one server in the list. In this subsec-
tion, we discuss how the mobile node to choose the suit-
able server to get its requested objects. Our goal is to main-
tain the tradeoff between the load balance and the proximity
among all available wireless channels so that the system uti-
lization and users’ QoS can be improved. Five various meth-
ods are presented to select a proper channel-server pair, and
the motivations and characteristics of each method as fol-
lows:

1) Signal-Strength Method (wlan): In this method,
the mobile node connects to the AP with the best sig-
nal strength. This method is simple and widely used in cur-
rent infrastructure-based WLAN. However, as the number
of mobile nodes increases and the distribution of the mo-
bile node’s location is non-uniform, some APs might
have heavy traffic load but the others might be still
idle, i.e., it leads to the load imbalance problem. We in-
clude this signal-strength method and use it as a baseline
approach to compare with.

2) Log-Based Method (wlan-nc): The log-based method
is that each AP keeps track of the total number of current

flows and includes this information in its broadcasting bea-
con message. A mobile node might receive several beacon
messages from different APs, and can connect to the light-
loaded server in order to avoid the congestion. The motiva-
tion for this method is to explore the benefit of such simple
bookkeeping method.

3) Random-based Method (random): When there is more
than one server in the potential server list, the mobile node
randomly chooses a server from it and then checks if this
server is reachable. If not, the mobile node continues to se-
lect another one until it can establish a connection with the
chose server. The random-based method is straightforward
and able to achieve load balance among the servers. How-
ever, the selected server may be far from the request mobile
node, or the channel that they use may happen to be con-
gested. We illustrate this effect in the performance evalua-
tion section.

4) Ping-based Methods (ping, pr2, and r2p): To investi-
gate more dynamic and adaptive source selection schemes,
we consider the ping-based methods. The ping-based
method is that the mobile node pings every source candi-
dates in the potential list and then selects one server af-
ter receiving their response messages. The idea of such
scheme is to use the response time of the small prob-
ing message to examine the condition of the transmis-
sion path between the mobile node and the server. In other
words, if the mobile node receives the reply from the
source quickly, it indicate that the quality of connection be-
tween the mobile node and the server is good enough. We
also consider other two variations of ping-based meth-
ods — the ping-random2 (pr2) method and the random2-
ping (r2p) method. The ping-random2 (pr2) method is
similar to the ping-based method except that the mo-
bile node has to choose one randomly from two servers
that their ping response messages are most quickly re-
turned. The random2-ping (r2p) method is that the mo-
bile node randomly selects two servers from the poten-
tial server list and then only sends out the ping mes-
sages to these two servers rather than all servers in the list.
In pr2 and r2p methods, the mobile node can not only se-
lect the proper server dynamically but free from con-
necting to the same server with other competing mobile
nodes. Obviously, there is a number of other selec-
tion schemes that could be built or just reconstructed from
the above ones. However, this set is reasonably representa-
tive for us to make comparisons.

3.2. Popularity-Aware Channel Management
Module

In this section, we discuss some important issues in the
channel management module including (i) when and how
to create an ad hoc group, (ii) when and how to join an ex-



M : Tota number of wireless channels;
O : Total number of objects;

pi . The popularity of object i;

B; : Available bandwidth in channel ¢;
B; = 1/M;

if (pi >= Bj) then
Assign channel j for object i;
pi = pi — Bj;

eseif (B; > p; > 0) then
Assign channel j for object 7;

Bj = Bj — pi;
pi = 0;

else
reject;

end if

Figure 1. Channel management algorithm.

isting ad hoc group, and (iii) what should be done before a
node leaves the ad hoc group.

3.2.1. Createan Ad Hoc Group: After the mobile node
has got its requested objects and is willing to share those ob-
jects with other users, it can send the control message to the
AP. After receiving this message, the AP determines if it
is necessary to construct a new ad hoc group for those ob-
jects according to the channel management protocol. Since
the popularity of accessed objects may be skew, an inappro-
priate channel assignment in the system may lead to poor
resource utilization and system performance. \We propose a
popularity-aware channel management module and give its
details as follows.

The main idea of the popularity-aware scheme is to al-
locate all available channels to each object in proportion to
its popularity. A popular object should take advantage of
more channels than a non-popular one to meet more access
requests from mobile nodes. The detail about how to allo-
cate channels is described in Figure 1. The bandwidth of all
wireless channels is normalized to 1, and will be fully uti-
lized in our popularity-aware management protocol. More-
over, each object will get the suitable amount of bandwidth
based on its popularity. When an AP receives the request
from certain node, which wants to share object 7 with the
popularity p;, it will check if p; is greater than O first. If so,
the AP randomly chooses a channel, called channel j, which
there is still free bandwidth in and allocate it to object .
The amount of bandwidth that could be allocated to this ob-
jectis max(p;, B;) (the max(a,b) function returns the larger
one from two input values ), and p; and B; will both be re-
duced by max(p;, B;) after getting available bandwidth. Af-
ter updating the value of p; and By, the object ¢ could not
get any more resource if its popularity p; has been reduced
to 0, and the channel j cannot be allocated to other objects
if B; has been reduced to 0.

3.2.2. Join an Ad Hoc Group: In H-WLAN framework,
there are several conditions for a maobile node to join an ex-
isting ad hoc group. We describe them as follows:

1) Retrieving an object: The mobile node decides to get
objects from another mobile node in some existing ad hoc
group.

2) Sharing a wireless channel: The mobile node would
like to share its objects but there are no more available wire-
less channels to build a new ad hoc group.

3) Out of range of APs: The mobile node cannot con-
nect to any AP directly, i.e., there is no AP within its direct
transmission range.

After deciding to join which ad hoc group, the mobile
node has to send new state message including the group
identification and the object list to the AP. The APs update
their group information table and channel status table re-
spectively after receiving this message.

3.2.3. Leavean Ad Hoc Group: After joining an ad hoc
group, the mobile node might want to break the connec-
tion or get some objects that cannot be found in the current
ad hoc group. Thus, the mobile node has to leave its ad hoc
group to get the requested objects from other ad hoc groups
or APs. In order to let the hybrid system work correctly, the
mobile node should notify the AP to update all relevant in-
formation such as group information table and channel sta-
tus table and take back the wireless channel before leaving.
For instance, if some objects are only held on this leaving
mobile node, the server has to delete this object field. If the
group leader would like to leave, the APs have to appoint
another group member as the new group leader before al-
lowing it leaving or else this ad hoc group would be forced
to be closed.

4. Performance Evaluation

We evaluate the performance of our H-WLAN frame-
work by simulation, implemented in NS2 [4] with CMU
wireless extension. In the simulation topology, there are 3
APs uniformly distributed in a 450m x 400m area. The data
rate of a wireless channel is 11 Mbps and the transmission
range of all mobile nodes, including the APs, is 250m. The
total number of objects in the simulation is 10. The object
size is uniformly distributed between 100K B and 1M B.
Another important observation is that users usually request
the objects at some specific periods, such as the period be-
fore a meeting or a class, and hence the inter-arrival time of
request is getting smaller while the scheduled time of a pre-
sentation (or a class) approaches. To consider the above ob-
servation, we use a 2-phase arrival process with 2 differ-
ent arrival rates in the simulations. For this 2-phase arrival
process, it has a lower mean arrival rate \; for the first &
arrivals and a higher mean arrival rate \;, for the remain-
ing arrivals. Moreover, let the random variables of z; and



xp, represent the interarrival times in the first phase and sec-
ond phase and they are exponential distributions with means
A =1land A\, =5 (/sec) accordingly.

The performance metrics used in the remainder of this
section are: (a) the mean response time to get a requested
object, (b) the variance of mean response time, (c) the ra-
tio of control overhead, which is exchanged for keeping
some information such as potential server list, to total band-
width consumption, and (d) the makespan, the time needed
to complete the transfer of all requested objects. These met-
rics will reflect the quality-of-service characteristics that
would be of general interest to the wireless LAN system
and users.

4.1. Service Selection Study

First, we investigate the performance of different wire-
less network systems under Poisson arrival case and then
Bulk arrival case. Each AP uses a different wireless channel
and in this simulations there are 2 additional wireless chan-
nels, which are available for setting up 2 new ad hoc groups
to share the objects locally. We use the pure infrastructure-
based WLAN as the baseline to be compared with the per-
formance of H-WLAN.

4.1.1. Poisson arrival case: The request arrival pattern is
the Poisson arrival. Each user needs 5 objects sequentially
and the order of requested objects is randomly selected from
all possible 10 objects. There are total 30 users and each of
them expects to get 5 different objects. We evaluate the per-
formance of different selection schemes respectively as fol-
lows:

1) Hybrid mod vs. Infrastructure mode: From Figure 2
and 3, the simulation results show that the hybrid system,
i.e., random, ping, pr2, or r2p, outperforms the traditional
infrastructure-based system, i.e., wlan, in terms of mean
response time and makespan time. Such performance im-
provement for users is due to the fact that the hybrid sys-
tem is able to make use of available wireless channels to
increase both the system’s capacity and the user’s through-
put. As the makespan time is concerned, the r2p method
also has smaller mankspan than other methods; namely, us-
ing the ping-based methods, the mobile node can finish its
schedule earlier. In addition to the wlan method, we con-
sider an enhanced method for improving the performance
of pure infrastructure mode, i.e., wlan-nc, which each AP
keeps track of the number of connections and the AP with
lowest load is assigned to next user’s request. The compari-
son, illustrated in Figure 2 and 3, shows that our hybrid sys-
tem, such as ping, pr2, and r2p, can still perform better than
wlan-nc because of taking advantage of additional available
wireless channels.

2) Ping-based vs. Random: Another importantand inter-
esting question arises which selection scheme is better and
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Figure 2. Poisson arrival: Mean response time.
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Figure 3. Poisson arrival: Makespan.

well-performing for the hybrid system. In Figure 2 and 3,
we can see that the adaptive selection methods such as ping,
pr2 and r2p have smaller mean response time or makespan
time than the random method. This can be explained as fol-
lows. In all adaptive selection methods, the mobile node can
choose a better server and channel to use according to the
network condition at that moment; nevertheless, in the ran-
dom method, it just blindly chooses one of feasible servers
to connect. In other words, in the random method, it is more
likely to choose the worst (highest-loaded) or farthest server
to connect. In our simulations, we do not consider the sce-
nario with other background traffic, but, however, in a more
practical network environment, it is not easy for the ran-
dom method to achieve the load balance if there exist dif-
ferent amount of background traffic running on the servers.
On the contrary, the mobile nodes, in the ping-based meth-
ods, can choose the suitable server dynamically via the in-
formation from ping response messages. Therefore, we will
focus our discussion on ping-based methods, i.e., ping, pr2,
and r2p, and tell the differences among them in the follow-
ing sections.

3) Control Overhead Comparison: In this experiment,
we assume that the infrastructure-based WLAN, i.e., the
wlan method, does not require additional wireless band-
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width for exchanging control messages. In contrast, both the
wlan-nc method and the hybrid methods do require addi-
tional wireless bandwidth to exchange information like the
server list. The bandwidth requirements are normalized by
all transferred data packets including the requested objects
and the control messages. As the results shown in Figure 4,
the bandwidth overhead of r2p is no more than 0.6% while
the ping and pr2 methods result in the bandwidth overheads
that don’t exceed 1%. It shows that our H-WLAN can have
a substantial performance improvement but the additional
bandwidth requirement is small relatively.

4) Variance Comparison: As illustrated in Figure 5, the
random method causes the higher variance compared with
the rest of selection methods. This is not surprising since
the random method is to select a server randomly from
the server list without any further information; namely, the
probability is equal for a mobile node to choose the nearest
server or the farthest one. The rest of adaptive hybrid meth-
ods such as ping, pr2, and r2p can provide fair and consis-
tent service (mean response time) compared with the ran-
dom method under this simulation setup.

4.1.2. Bulk arrival case: After the above discussions, an
important and interesting question arises: which service se-
lection method is most suitable for the hybrid system. Thus,

we consider a more bursty arrival pattern and observe the
performances under the bursty network condition. In this
simulation, all mobile nodes want to obtain the same sin-
gle object but the number of each arriving nodes may be
greater than 1. That is, the bulk arrival size of first 5 ar-
rivals is 1 and the bulk arrival size of the remaining arrivals
is sb, where sb is from 5 to 25. There are total 30 mobile
users who are uniformly distributed within the simulation
area.

As shown in Figure 6, both pr2 and r2p methods can
maintain lower mean response time compared with the ping
method, where we can make the following observations. As
the arrival is not bursty, i.e., the bulk arrival size is small,
the ping method can make a good decision to choose a suit-
able server. However, when the bulk arrival size increases,
it is not a good idea for all the users to choose its best server
since they might choose the same one and swamp it. Con-
sequently, the mobile node can avoid selecting the worst
server and at the same time keep a load balance among all
available servers. This is why the pr2 and r2p perform bet-
ter than the ping method does.

4.2. Channel Management Study

Since r2p method performs better than or as well as other
server-channel selection schemes and only needs small con-
trol overhead, we use it to evaluate the performance of
popularity-aware channel management module. In this ex-
periment, the popularity of objects is the Zipf distribution,
given in Eg. (1), and we set # = 0 and K = 10.

Prob[requent of object i] = -7%5
Vi=1,2,...,Kand0 <0 <1 @)
Where ¢ = ﬁ and H{ ™" = Zle peeo)

a .

Each mobile node desires to get a single object, which is
randomly selected from 10 possible objects. There are 5 ad-
ditional wireless channels could be allocated for all objects
to construct the ad hoc group. We use the first-k and round-
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robin (RR) method as the base case for comparing with our
popularity-aware mechanism.

In first-k method, all available channels can only be allo-
cated to first k£ request objects, and each object may get mul-
tiple channels if it requests more than once and the request
is still first-k ones. In this simulation setup, if one channel
can be only allocated to single object, 5 wireless channels
can only respond to first 5 requests. When the popularity
of object is uniform distribution, first-k method might per-
form worse owing to the low utilization of bandwidth, i.e.,
the channels are not fully utilized but also not able to be al-
located to other objects. On the other hand, it gets the ac-
ceptable performance, as shown in Figure 7, when the pop-
ularity of object is non-uniform, since the first 5 requests,
which get the wireless channels to set up new ad hoc groups,
may happen to share the more popular object and use band-
width adequately.

In the RR method, the APs allocate the channel by
round-robin whether all bandwidth in this channel is fully
used or not, and authorize objects to get the resource by
round-robin as well, i.e., if an object was once authorized
to get the channel, it is able to get additional channel un-
less all other objects have been allowed to get the chan-
nel once. It is fair for every objects but not a good scheme
for this case that the popularity of objects is the Zipf distri-
bution. As illustrated in Figure 7, the round-robin method
has the worst performance, compared to others, due to im-
proper management. The more popular objects can not get
sufficient bandwidth to use, but at the same time the band-
width that is allocated to non-popular objects is still idle.
Moreover, the results show that our popularity-aware mech-
anism has the best performance under the skew popularity.
The lower mean response time also illustrates that the users
can get a better QoS and the total amount of bandwidth can
be utilized more effectively.

5. Conclusions

In this paper, we discussed the issues about the integra-
tion of ad hoc mode wireless network with infrastructure-
based WLAN for the data dissemination applications. The
main contributions of H-WLAN are as follows. First, we
have shown that it is promising to use extra available chan-
nels to set up the ad hoc groups for aiding the traditional
infrastructure-based WLAN, and the simulation results also
illustrate that the QoS of users and the throughput and uti-
lization of system are both substantially enhanced in H-
WLAN. Second, the adaptive service selection module and
the popularity-aware channel management module are pro-
posed in this work. Both modules can provide the efficient
resource management and consistent service. The mobility
issue of nodes is beyond the focus of this work since the
mobility may lead to separation in an ad hoc group and ter-
mination in current connections. Our future work plans to
take the mobility issue into consideration.
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