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Abstract

Augmented Reality (AR) is a powerful user interface paradigm which enhances a user’s
perception by incorporating computer-generated information into the real world. Mobile
computing, typically realized by a wearable computer, allows users to access and
manipulate information anytime, regardless of location. Computer supported
collaborative work allows the computer to be used as a medium for human
communication. The combination of these three technologies, called mobile collaborative
augmented reality, promises exciting new applications. Training costs are a considerable
part of development expenses in many industries, especially when the customers or
employees need to learn to use devices that are expensive and costly to repair. The
problem is compounded when the trainers are far from the would-be trainees. This thesis
describes a prototype developed for collaborative industrial teletraining, based on mobile
collaborative augmented reality. The prototype enables trainees to engage in a real

environment and do a training exercise on task performance.
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Chapter 1 Introduction

Training costs are a considerable part of the development expenses in many
industries, especially when the customers or employees need to leam to use
equipment or devices that are expensive and costly to repair. The problem is
compounded when the trainers are far from the would-be trainees. Traditionally the
manufacturers distributed books, cassettes or tapes to the customers to train them to
use and maintain their products. When customers need help, the manufacturers can
provide support through telephone, fax or mail, and sometimes even send a technical

support person to the site to solve the problem for them.

A training system such as distance learning, on-line help through the Intemet and a
computer training application system based on virtual environment technology
provide instruction or support in the form of text, audio, video and animation. As the
emerging training system not only enhances understanding but also saves time and

travel costs, it has been considered as very successful.

However, the training systems described above provide training but do not consider
the performance of the task in detail. If the real world task is complicated, it is
difficult for the trainees to memorize every step learned in the training system.
Furthermore, they may not be able to obtain support if they have questions when they

are working in the real world.

More effort is required to address the above problems. The trend is to provide on-the-
Job training. In this thesis, we will introduce a new method that integrates Augmented
Reality (AR), mobile computing and computer supported collaborative work (CSCW)
to address the above problems. We will present a prototype for an industrial training

application.

This opening chapter will briefly introduce the background knowledge of a training
system. In section 1.1, an overall structure of this thesis will be given. In section 1.2,

the thesis contributions and publication will be presented.
1.1 Thesis Organization
The thesis contains seven chapters, arranged as follows:
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Chapter 1 briefly introduces the motivation of the thesis and its organization. Then
it presents the thesis contributions and the publications produced based on the
thesis. Chapter 2 serves as the background and objective of the thesis. It presents
the typical requirements of a training system and the problems which exist in the
current training systems. It introduces the concepts of AR, mobile computing and
CSCW and discusses related research in these areas. At the end of this chapter, we
present an effective solution for industrial training with mobile collaborative

augmented reality (MCAR) and the thesis objective.

Chapter 3 is a short tutorial of the required technologies used in developing an AR
system. It discusses the typical requirements of an augmented reality system, and
introduces the display technologies, tracking and registration techniques for an
augmented reality system. With this knowledge, one may better understand the

following chapters.

Chapter 4 discusses the design of a MCAR system. It presents design goals,
challenges, principles and decisions. The chapter ends with a presentation of the

overall architecture of a MCAR prototype for industrial training applications.
Chapter S elaborates the design and implementation of the prototype.
Chapter 6 presents the experimental results and the evaluation of the prototype.

Chapter 7 presents the conclusions and future work of this thesis project.

1.2 Thesis Contributions and Publication

The major contributions of this thesis are:

To address the problems in training applications, give a solution with MCAR and

develop a prototype for industrial training based on this solution, with the following

characteristic:

The prototype has a client/server architecture which supports multiple

geographically distributed trainees and trainers.

The trainee, equipped with a wearable computer, is able to do a training exercise

in the real world with augmented information, such as annotations and 3D models
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superimposed on the real world environment. The trainee is also able to organize

the 3D models spatially and interact with them directly in a natural way.

e Remote trainees and trainers are able to share the augmented workspace of the
trainee with a wearable computer, see what s/he sees, watch his/her action and
interact with the 3D models as if the remote users are present in the physical

world.

e The trainers and trainees can engage in a real-time audio conversation, and are

therefore able to discuss the real world task, and give advice or instructions.

To our knowledge, this is the first successful prototype for an industrial training
application based on MCAR technology. This prototype has been created for

industrial training applications. However, it can be applied to other applications.
Two pieces of paper based on the thesis are published:

X.Zhong. P.Liu, N.Georganas and P.Boulanger, “Designing a Vision based
Collaborative ~ Augmented Reality ~Application for Industrial Training”,

Informationstechnik und Technische Informatik, Oldenburg Verlag, Jan. 2003

X. Zhong, P. Boulanger and N.D. Georganas, "Collaborative Augmented Reality: A
Prototype for Industrial Training”, Proc. 2Ist Biennial Symposium on

Communications, Kingston, Canada, June 2002.
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Chapter 2 Background and Motivation

Traditional training or support methods give the learner the best training possible
before deployment. A distributed virtual environment (DVE) is known to be an
attractive solution for industrial training. However, this solution comes with some
problems. Recent advances in computer and computer vision technologies have
sparked an interest in migrating training applications to augmented reality and mobile

computing technologies.

In this chapter, we will describe the motivation of this thesis. In section 2.1, the
typical requirements of training applications are introduced. In section 2.2, the
problems which exist in the current industrial training systems using virtual
environment technology are discussed. Sections 2.3 and 2.4 introduce augmented
reality and mobile computing technologies respectively. Section 2.5 provides a
definition of CSCW. Section 2.6 discusses the technologies of mobile collaborative
augmented reality (MCAR) - the combination of augmented reality, mobile
computing and CSCW. Section 2.7 proposes using MCAR technology for industrial
training application and presents the thesis objective. The chapter ends with a short

summary.
2.1 Typical Requirements of Training Applications

In general, training is most effective when the following conditions are met [20]:
e Training occurs at the actual work site.

e Supporting information is available.

e The material learned is immediately applied.

e Follow-on expert support/guidance is available.

o Training occurs when the leamner needs it most.

¢ A combination of task-appropriate media (e.g. text, audio, drawings, video) is

employed.
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2.2 Virtual Environment for Training Applications

In the last few years, Virtual Reality (VR) or Virtual Environment (VE) has become a
very import new “medium”. Virtual Reality (VR) can be used as a powerful, three-
dimensional method to interface with computers. By wearing a head-mounted audio-
visual display, position and orientation sensors, and tactile interface devices, one can

actively inhabit an inclusive computer-generated environment.

2.2.1 Distributed Virtual Environment

One of the hottest topics in Virtual Reality research is that of “Distributed” Virtual
Environments (DVE). In DVE the computers are connected over a network. People
using those computers are able to interact and collaborate in real-time, sharing the
same virtual world. Tele-immersive DVEs recognize the presence and movements of
individuals and objects, and then project them in realistic, multiple, geographically
distributed virtual environments where individuals can interact with each other as well

as computer-generated models.
2.2.2 A Prototype for Industrial Training with DVE

Industrial training in the field of equipment operation, maintenance and service is one
of the many applications that can benefit and grow with the development of the

distributed virtual reality technology.

A good example of a DVE application for industrial training is a prototype
demonstrated in the Multimedia Communications Research Lab, University of Ottawa
[1], in which DVE technology is used to construct a virtual world where users (both
trainers and trainees) can interact with one another and the environment in which they
preside in order to perform a training exercise. In this DVE, an actual “trainer”,
represented by an avatar, removes and replaces faulty parts from an ATM switch,
while a “trainee™ (avatar) watches and repeats the instructions. Screenshots for this
system are shown in figure 2-1. All DVE object manipulations are multicast to all
participants via a live session. The trainer or trainee controls his/her avatar
movements through either mouse manipulation or voice commands or command

menus or tracked body movements.
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Figure 2-1 Replacing a faulty board [1]

2.2.3 The Advantages of the DVE Solution

A realistic training application can benefit from some tele-presence capabilities which
allow the human operator to experience the feeling of being virtually immersed in the
working environment. Since collaboration is achieved, it is no longer necessary for
trainers and trainees to be in the same geographical location. Instead of working with
real objects, the users work with virtual objects placed in a virtual environment, which
are accessible to many users. This significantly solves the problem in some
applications where the working environment is dangerous or the equipment is
expensive and its misuse may lead to serious damage. From an industry perspective, a

DVE is an attractive solution for reducing training expenses.
2.2.4 Problems with the DVE Solution

In a DVE, all of the physical objects are represented as virtual, and the users of a
DVE are completely immersed in the virtual environment and separated from the real

world.

It is time consuming to simulate a real world. And it is also difficult for the users to
identify a specific object from the context when there are many objects in the virtual
world and these objects are similar to each other. For instance, this is the case where a
trainee is trained to repair a specific chip in a switchboard on which there are dozens

of similar chips.

19




Furthermore, the trainees have to remember every step in the virtual training exercise.
When trainees work in the real world, they have to review the steps leamed in the
training exercise, just like replaying a movie. It is hard for them to remember every

step correctly and do the task properly, if the task is complicated.

Finally, there is no instant help from the experts (trainers) when the trainees have

problems, for instance, which faulty chip should be replaced and how to do it.
2.3 Augmented Reality for Training Applications

2.3.1 On-the-job Training

Traditional training systems train the learners before they do the real job. A DVE
training system is a kind of pre-training system in which a real work task is simulated.
It cannot give effective training or support when the learners need it most - carrying
out the task in the real world. One of the best solutions is “on-the-job” training, giving
leammers performance support by integrating computer-based guidance and

information into the normal working environment.

2.3.2 Augmented Reality

From the perspective of human senses, objects may have behaviors that are not visible
in the real world, but may be represented in a virtual environment. For example,
electrical circuits operating at high frequencies emit electromagnetic radiation that can
be rendered visible in a virtual environment. In this case, the virtual environment is
not a mutually exclusive alternative to the real environment, but consists of additional
information that can be overlaid on the real world. In this way, both the virtual and
real environments are visible simultaneously, which is called augmented reality (AR).
Therefore, Augmented Reality (AR) is a variation of Virtual Reality. It supplements

reality, rather than completely replacing it.
2.3.3 Augmented Reality for Training

Rendering some behavior of objects visible would provide real-time computer-
enhanced assistance for plant-personnel training, product design, maintenance and
equipment repair. Computer-generated graphics or text prompts would be developed

to train and assist plant personnel during complex manipulation or equipment
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maintenance and repair tasks. Virtual environments would allow trainers to conduct
interactive what-if multi-domain virtual workbenches with “augmented reality”
capacities. For example, when a repairman needs to fix a broken pipeline in a wall, a
virtual map of the pipeline, overlaid on the real scene of the wall, will save the

repairman time in finding the broken pipeline and breaking the wall to get to it.

In an industrial training application, instructions might be easier to understand if they
were presented, not as manuals with text and pictures, but rather as 3-D drawings
superimposed upon the actual equipment, showing what to do and the next step to
take. These superimposed 3-D drawings can be animated, making the directions even
more explicit. Therefore, Augmented Reality is an attractive solution for “on-the-job”

training.
2.3.4 Related Work on AR Applications

AR systems have been proposed as solutions in many domains, including medical,
entertainment, military training, engineering design, robotics and tele-operation, and
so on. One category is the assembly, maintenance, and repair of complex machinery.
As the objective of this thesis is to investigate the application in the industrial training
domain, which is related to this category, we will highlight some of the proposed

applications in this category.

e KARMA (Knowledge-based Augmented Reality for Maintenance Assistance)

Figure 2-2 (a) Triangular trackers attached to various parts; (b) Showing how to
remove paper tray [2]

KARMA s a prototype system built by Steve Feiner's group at Columbia. KARMA

uses a see-through head-mounted display to explain simple end-user maintenance for
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a laser printer. Several Logitech 3D trackers (the small triangles in figure 2-2(a)) were
attached to key components of the printer, allowing the system to monitor their

position and orientation.
o Repair Instruction

The prototype is currently underway in the MIT Media Laboratory [3]. It allows a
wearable camera system to track the object in the user's visual field. In this prototype,
three distinctive marks at known distances from each other are attached to the product
to track the object in the user’s visual field. A wearable camera with known focal
length can recover the 3D location of the plane defined by these three marks. Thus,
when a repair technician walks up to a faulty device, the machine can transmit its
diagnostics to the technician’s wearable. The wearable automatically determines the

problem. locates the 3D position of the object, and overlays specific 3D real-time

step-by-step guidelines on the object for the technician to follow.

Figure2-3 (a) Three distinctive marks are attached at known distances from each
other; (b) System locates the 3D position of the object with the problem after
diagnostics [3].

e Annotation AR System

At the European Computer-Industry Research Center (ECRC), a user is able to point
to the parts of an engine model and the AR system displays the name of the part that
is being pointed at [19]. This is illustrated in figure 2-4, when the user points to the

exhaust manifold on an engine model and the label "exhaust manifold" appears.
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Figure 2-4 Engine model part labels appear as user points at them [19)].

e PC Maintenance

This prototype system [4] could provide informative graphical overlays to give
directions to a person to remove parts within the PC. A set of fiducial targets (small
white and black circles) is affixed to the cover of a PC, and also to the interior frame
of the chassis. A different five-point target pattern was used on the cover and on the

interior, thus enabling the system to distinguish between the two.

Figure 2-5 (a) Person wearing an AR system; (b) View through head-mounted
display, showing overlays indicating direction to remove the cover of PC [4].

Figure 2-5 (a) shows a person wearing the AR helmet, looking at the case of the PC.
Figure 2-5 (b) shows what he sees in the Head-mounted Display (HMD). To obtain
this picture, they placed a video camera at the position of the person’s left eyes, and
grabbed a frame from the video output. Visible in the picture is the outside frame of

the eyepiece, and the overlays through the center of the eyepiece. The overlays in this
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particular example are a set of arrows, which show the person how to pull off the

cover of the PC.
e ART (Augmented Reality for Training)

The ART system [5] uses a monitor-based display to convey the information to the
user. This project presents an assembly sequence, real-time video with augmentation,
parts graph, and assembly step descriptive video. All parts are tracked using fiducials,
special codes that are used to uniquely mark each part. Each fiducial is an asymmetric
dot code. The example below shows the wheel assembly step for a Take-Apart Dump
Truck. The wheel and base are identified, and labeled appropriately based on the

current assembly step.

Figure 2-6 Two fiducial codes are connected by a red arrow indicating that the
two parts are related [5).

2.4 Mobile Computing

Mobile computing allows users to access and manipulate information anytime,
independent of location. With computing devices decreasing in size and with options

like wireless networking, a user is no longer limited to his/her physical desktop.

2.4.1 Wearable Computer

Wearable computers are the next generation of mobile computing devices. A typical

wearable computer may be composed of an insight processor and a battery mounted
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on a belt or backpack, a head mounted display (HMD), wireless communications
hardware and an input device such as a touchpad or chording keyboard or voice input

utilities.
A wearable computer has many advantages, such as:

® See-through display allows the user to read the text and watch video while

working

e Earphones allow the user to hear explanatory audio narration while looking at

information on the display

® Miniature microphone, voice recognition software, and applications allow the user

to control the computer via voice so his or her hands are free for other tasks

e A computer allows the information designer to select the most effective medium
(e.g.. text, graphics. video, sound) to communicate information to the user. or
illustrate a dynamic procedure in a way that is impossible with a paper-based text

or manual

e Batteries, belt-mounted computer, wireless network, and head-mounted display

allow the user to be mobile, getting information when and where he or she needs it

2.4.2 Mobility and Augmented Reality

Augmented Reality is a technology for visual improvement or enrichment of the
surrounding environment, by overlaying spatially aligned computer-generated
information onto a human’s view. Early AR systems are designed for a specific usage

in a fixed environment, such as the digital desk.

Progress in wireless networks and the occurrence of wearable computers has made it

possible to build a mobile AR system.

A mobile augmented reality system for exploring the urban environment has been
developed by the Computer Graphics and User Interfaces Lab, Columbia University
[6). This prototype acts as a campus information system, assisting a user in finding
places and allowing users to query information about items of interest, like buildings,
statues, and so on. As figure 2-7 shows, a user carries a backpack computer with a

wireless network and wears a head-mounted display. The position of the user is
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tracked by differential GPS while orientation data are provided by the head-mounted
display itself. When the user looks around the campus, the see-through HMD overlays
textual labels on campus buildings. The user can interact with the system to bring up

related information about any building.

Figure 2-7 MARS - Mobile Augmented Reality System [6]
2.4.3 Wearable Computer for Training

Compared to desktops, wearable computers enable training while the learner performs
the task. Compared to traditional training systems, wearable training systems provide
relevant, just-in-time information when the user needs it and when the user asks for it.

This information can include:

o Just-in-time, task-specific training

e Expert advice about a job task

o Reference information about a job task or closely related set of tasks

¢ Communication links for remote collaboration with experts

2.4.4 Collaborative Wearable System

All of the systems described above are stand-alone systems that provide users with
automatic, context-sensitive access to information, but do not support inter-personal
communication and collaboration. There is an obvious need for effective

communication and collaboration in the domains of maintenance, repair, construction
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and manufacturing. One of the examples is a mobile collaborative system to support

maintenance tasks on a bicycle.

Figure 2-8 (a) Worker wearing collaborative system; (b) On-line manual is
ovelaid on the display [7].

In this system, a worker wearing an HMD mounted with a camera is repairing a
bicycle (figure 2-8 (a)), while a remote expert watches his action through the video
captured by the camera. gives him instruction by live audio, and accesses and

overlays an on-line manual onto the HMD of the worker (figure 2-8 (b)).

This is a good example of a collaborative training application. However, the
supporting information to the field worker and the collaboration functions between
the field worker and expert in the current collaborative wearable system are very

limited.

2.5 Computer Supported Collaborative Work

Computer supported collaborative work (CSCW) allows a computer to be used as a
medium for human communication. Virtual Reality appears a natural medium for
three-dimensional CSCW. However, the current trend in CSCW is toward the Open
Shared Workspace, in which the computer is adapted to work with the user’s
traditional tools, rather than separating the user from them, as immersive VR does.
One of the attractive solutions is through Augmented Reality, the overlaying of virtual
objects on the real world. Shared Space is a concept which can be described as an
Open Shared Workspace featuring Augmented Reality, in which multiple users are

allowed to work in both the real and virtual worlds simultaneously.
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2.6 Mobile Collaborative Augmented Reality

The combination of Augmented Reality, mobile computing and CSCW produces a
new technology, called Mobile Collaborative Augmented Reality (MCAR).

In a collaborative augmented reality system, some virtual objects which augment real
objects are overlaid on the real world. Considering the distance between the users and
also taking into account the distance between one or several users and the objects of
the task. we can classify the collaborative AR systems into three categories, as
schematically shown in figure 2-9. Because the object and/or its environment is
augmented, at least one user must be in the workspace and next to the object of the

task or else the system is no longer an augmented reality one, and falls into the
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Figure 2-9 Three categories of collaborative AR systems: (a) remote
collaboration in one augmented reality; (b) remote collaboration in augmented
realities and (c) local collaboration in one augmented reality.
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2.6.1 Remote Collaboration in One Augmented Reality

This category includes systems in which at least one user is at the same location of the
objects of the task and some users are distant. For example, in the collaborative
interior design system developed at ECRC [13], an office manager works together
with an interior designer on the layout of a room. On a monitor they can see a picture
of the room from the viewpoint of the camera. By interacting with various
manufacturers over the network, they select furniture by querying databases using a
graphical paradigm. As they move the camera, they can see the furnished room from

different points of view (Figure 2-10).
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Figure 2-10 a Collaborative interior design [13]

2.6.2 Remote Collaboration in Augmented Realities

This category encompasses systems where there are several objects which are
remotely linked together and physically present in different sites. Each user performs
a part of the task on his physical object. An example is a collaborative augmented
whiteboard [8].

2.6.3 Local Collaboration in One Augmented Reality

This category is also called co-located augmented reality. It represents a system where
all the users are positioned together with the objects of the task and the shared
physical environment is augmented by information and action from the users. This
kind of system allows users to see each other, as well as the 3D virtual objects in the
space between them. Although they are all together (same physical environment), the

key point is that their views of the augmented environments are different.

Currently most of the research on collaborative AR is focusing on this category. A
good example is the AR2 Hockey system of Ohshima [9), which allows two users to
play virtual air hockey against each other. Air hockey is a game in which two players
hit a puck with mallets on a table and shoot it into goals. In this system, each player

holds a mallet as a physical device to hit a virtual puck.
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Transmitier of magnetic sensot

(a) Playing scene

(b) Player's view
Figure 2-11 Playing scene of AR2 Hockey [9]

Another example: a game of Augmented Reality Chess demonstrates a collaboration
of the stationary user (left) with the mobile user (right) in Reitmayr’s system [10], as

shown in figure 2-12.
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Figure 2-12 a game of AR Chess as seen by the “documentation camera” user
(10}

2.7 Thesis Objective

From the above discussion, MCAR holds exciting potential for on-the-job industrial
training. Though some research has been done in augmented reality, and some stand-
alone AR training systems and collaborative wearable systems have been developed,

research on applying MCAR to industrial training application is still rare.

The objective of this thesis is to develop a collaborative augmented reality prototype
to be applied to industrial training. A crucial question for the research is how to make
the best use of the wearable computer which is available to create an intuitive

interface for the distributed virtual environment (augmented reality) user.

2.7.1 Background

The proposed research is actually a part of “Augmented Reality Interface” in the 2-
year project, “Distributed Virtual Environments with Training Applications
(DIVERTIONS)”, which is sponsored by National Capital Institute of Tele-
Communications (NCIT).

2.7.2 Research Tasks

Ms. Peiran Liu and I worked as a team in this research project, but focusing on

different topics.
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As designing an Augmented Reality prototype for an industrial training application is
the emphasis of our research, I propose a solution with a Mobile Collaborative
Augmented Reality for industrial training application and designed a prototype based
on this solution. This prototype allows a group of trainers and trainees, each on
geographically disparate locations, to do a training task collaboratively by sharing the
workspace of a trainee who is equipped with a wearable computer. In this prototype,
an intuitive interface for the distributed virtual environment (augmented reality) user
and some collaboration functions, such as remote manipulation of the virtual objects
and remote pointing, are provided. I also investigated the choice between “see-
through™ and *“see-around” viewing area, based on users’ acceptance. I will give more

details on this in the following chapter.

The head position and orientation is needed in the virtual environment to continually
project the virtual environment into the visual field of the users, as they walk through
the real world. Which virtual object should be superimposed on a specific location of
the real world has to be decided when more than one virtual object has to be projected
to the real world. Peiran focuses on how to recognize virtual objects and has created a

Binary Square Marker Algorithm.

Since we started the project at the same time, most of the time we found that we could
not carry out work based on one another’s results directly. Therefore, in order to reach
our research target, two separate prototype systems were developed, but we continued

to share some work.

As shown in figure 2-13, the system diagram for prototype 1 describes the system of
my prototype. The system diagram for prototype 2 describes the system of Peiran’s
prototype. Peiran successfully makes use of the OpenVRML library to browse the
VRML model in the OpenGL browser in this project. I use her result in the designing
of the Graphic Image Rendering module. In addition, she specifies some keys to
operate a virtual object by keyboard in the local view. To retain consistency, I use her

specification in my User interface module.

I used the head pose tracking and virtual object recognition techniques proposed by
kato-billinghurst-Weghorst-Furness(6] and the Artoolkit library to design the Vision-

based Tracking module. Peiran designed a new object identification algorithm for the
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Vision-based Tracking. However, I didn’t use her work in the module described in

this thesis since she had not finished her work when I was designing this section.
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2.8 Chapter Summary

This chapter presented the background and motivation for this thesis. It described the
typical requirements of training applications and problems with the current training
systems. The concepts of augmented reality, mobile computing and CSCW were
introduced and some applications which make use of these technologies were studied.
MCAR, the combination of the above three technologies, was then introduced. And
we studied the classifications of collaborative augmented reality systems. The chapter
concluded with a presentation of the thesis objective, designing a prototype for

industrial training with MCAR technology and intuitive interface.
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Chapter 3 Related Technologies

An augmented reality immerses the user in a combination of the real world and the
virtual world. For this immersion to be effective, the egocentric frame of reference
maintained by the user's body and head must be registered with the virtual world
reference. This requires that motions or changes made by the user will result in the
appropriate changes in the perceived virtual world. Therefore, we use (head) tracking
to get the position and orientation of the user. Since the user is looking at a virtual
world. there is no natural connection between these two reference frames, and a
connection must be created. The task is now to register the virtual frame of reference

with what the user is seeing.

In the following section, I will introduce the display technologies of AR systems. I
will then discuss the typical requirements of an AR system, and the tracking and
registration techniques used in an AR system. This discussion will highlight the ways
in which augmented reality is an area where multiple technologies blend together into
a single system. The fields of computer vision, computer graphics and user interfaces

are actively contributing to advances in augmented reality systems.
3.1 Display Technologies in Augmented Reality

There are two display configurations for augmented reality systems to accomplish the
combining of real and virtual. One makes use of a monitor and another one employs a
see-through head-mounted display (HMD). A see-through HMD is one device used to
combine the real and virtual world. HMDs have been widely used in virtual reality
systems. The standard closed-view HMDs used in virtual reality applications give the
user complete visual isolation from the surrounding environment. However, a see-
through HMD lets the user see the real world, with virtual objects superimposed by

optical or video technologies.
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3.1.1 Monitor-based AR system
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Figure 3-1 Monitor-based AR conceptual diagram [12]

Figure 3-1 shows how a monitor-based system might be built. In this case, one or two
video cameras view the environment. The camera may be static or mobile. In the
mobile case, the cameras might move around a tracked location via robotics or
another user. The video of the real world and the graphic images generated by a
scene generator are combined, just as in the video see-through HMD case, and
displayed on a monitor in front of the user. The user does not wear the display device.
Optionally, the images may be displayed in stereo on the monitor, which then requires
the user to wear a pair of stereo glasses. However, the user of a monitor-based system

has little feeling of being immersed in the environment created by the display.

3.1.2 Optical-based AR System
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Figure 3-2 Optical see-through HMD conceptual diagram [12]
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As shown in figure 3-2, an optical see-through HMD works by placing an optical
combiner in front of the user's eyes. The combiner is partially transmissive and
partially reflective, so that the user can look directly through it to see the real world,
and see the virtual images bounced off the combiner from the head-mounted monitor
as well. The optical combiner acts like a half-silvered mirror and only lets in some of
the light from the real world so that it can reflect some of the light from the monitor
into the user’s eyes. Most existing optical see-through HMDs reduce the amount of
light that the user sees from the real world so they act like a pair of sunglasses when

the power is cut off.

3.1.3 Video-based AR System
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Figure 3-3 Video see-through HMD conceptual diagram [12]

In contrast, a video see-through HMD works with one or two head-mounted video
cameras that provide the user’s view of the real world. It blends the real and virtual
world by combining the video from these cameras with the graphic images created by
the scene generator. The combined video is sent to the monitor in front of the user's
eyes in the closed-view HMD. Figure 3-3 shows a conceptual diagram of a video see-
through HMD. However, if the power is cut off, the user of a video see-through HMD
is effectively blind. Therefore, an HMD in a typical wearable computer uses a
mechanism similar to that of the optical see-through HMD to solve the problem. The
monitor is mounted on the head and a non-transparent mirvor is placed in front of the

user's eyes. The mirror reflects the combined video from the monitor to the user's
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eyes. Therefore the view of the user is not totally blocked. He can see the real world

directly no matter whether the power is cut off or not.

3.1.4 Comparison of the Display Technologies

Each of the display technologies described above has its advantages and
disadvantages. They are discussed in detail by Azuma [12). With both the monitor-
based display and the video-based HMD display, which use a video camera to view
the real world, there is a forced delay of up to one frame during which combined
video rendering is performed. Everything the user sees is under the system’s control;
therefore compensation for this delay could be made by delaying the video of the real
scene. With an optical see-through display the view of the real world is instantaneous,
s0 it is not possible to compensate for system delays in other areas. On the other hand,
with monitor-based and video see-through displays, a video camera is viewing the
real scene. An advantage of this is that the image generated by the camera is available
to the system to provide tracking information. The optical see-through display does
not have this additional information. The only position information available with the
display is the head tracker on the head mounted display. The head tracker can be a

camera, a magnetic tracker, and so on.

Each technology has its role, and the choice of technology depends on the
requirements of the application. Some monitor-based AR systems were demonstrated
on tele-operation, such as the ARGOS (Augmented Reality through Graphic Overlays
on Stereo video) system, which is a tool for enhancing human tele-robot interaction
[15]. The collaborative design system developed at ECRC [13] is a monitor-based

demonstration for the purpose of interior design.

See-through HMDs are more widely used in augmented reality applications in which
a see-through HMD combines a view of the real world with computer enhancements,
or augmentations, so as to make it easier to perform the task at hand. Many of the
prototypes for industrial applications, such as mechanical assembly, maintenance and
repair, use optical approaches, possibly because of the cost and safety issues: for
example, if the power is cut off the user won’t be left unable to see. In contrast, most

of the prototypes for medical applications use video approaches, probably for the
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flexibility in blending real and virtual and for the additional registration strategies
offered.

3.2 Typical Requirements for an AR System

The registration between synthetic and real objects is critical in an augmented reality
system because we are very sensitive to visual misalignments. Augmented reality
systems are expected to run in real-time so that a user will be able to move around
freely within the scene and see a proper rendered augmented image. Therefore, one of
the most important requirements for an AR system is accurate registration of the real

and virtual.

Another important requirement is a reasonable update rate for generating the
augmenting image. According to research by Durlach [14], delays greater than 60ms
between head motion and visual feedback impair adaptation and the illusion of
presence. Therefore an update rate of 10 frames per second is needed for acceptable
real-time performance. A reasonable image generation rate and stereopsis are
important for good depth perception. The lack of stereoscopic depth cues greatly

reduces the believability of an augmented environment.

Furthermore, in most applications, the user wants to move without restriction and

requires minimal constraint on his or her motion.

3.3 Tracking and Registration

Accurate dynamic registration is a key issue for an AR system. In the current AR
systems, most of the registration errors are due to the limitations of the tracking
systems. No conventional tracker satisfies all of the typical requirements. To register
the synthetic and real object, we use tracking to get the position and orientation of the
viewer, which is called 6 degrees of freedom (3 degrees for position, and another 3 for

orientation).
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3.3.1 Tracking

3.3.1.1 Magnetic Tracking

Today's magnetic trackers are subject to large amounts of error and jitter. Despite
their lack of accuracy, magnetic trackers are popular because they are robust and
place minimal constraints on user motion. Flock of Bird is a typical kind of magnetic

tracker.

Figure 3-4 Flock of Bird
3.3.1.2 Mechanical Tracking or Optical Tracking

Some systems use mechanical or optical tracking systems. Both of these systems
generally have better accuracy than magnetic trackers, but are burdensome.
Mechanical systems tether the user and have a limited working volume, and the

optical tracker requires four dedicated tracking cameras mounted on the user's HMD.
3.3.1.3 Vision-based Camera Tracking

Vision-based camera tracking utilizes computer vision technology. It can track the
position and orientation of the viewer more accurately than the above techniques.
Vision-based tracking methods are based on detecting and tracking certain features in
images. These features can be lines, comers or squares, which are easily and reliably
detected in the images and can be uniquely associated with features of the 3D world.
For instance, in the system [4] introduced in last chapter, fiducials with a white center

surrounded by a black ring are applied (figure 3-5). By offsetting the position of the



middle of the fiducials, two distinct pattems are created. The measured position of the

middle feature point determines which of the pattemns is recognized.

Figure 3-5 Fiducials with a white center surrounded by a black ring

Magnetic and ultrasonic trackers used in VR are constrained by their inaccuracy and
limited volume. Therefore, they do not provide accurate and portable solutions to
overlaying a virtual image on a video image in AR. More practical are vision-based
AR systems that capture images by means of a video camera to track the camera’s
position and orientation relative to the objects in the real world. Camera tracking has
been extensively investigated in the field of computer vision and has demonstrated
potential to provide the accurate registration data needed by AR systems. Therefore,
we are going to use the vision-based camera tracking technique in our prototype. We

will look at this in detail in the following section.

3.3.2 Registration

The objects in the real and virtual world must be properly aligned with respect to each
other. or the illusion that the worlds co-exist will be compromised. Registration errors
are difficult to adequately control because of the high accuracy requirements and the

numerous sources of error. The sources of errors can be divided into two types:

One is noise in the system. The position and pose of the camera with respect to the
real scene must be sensed. Any noise in this measurement has the potential to be
exhibited as an error in the registration of the virtual image with the image of the real
scene. Fluctuations of values while the system is running will cause jittering in the
viewed image. As mentioned previously, an AR system is very sensitive to visual
errors, which in this case would be the perception that the virtual object is not

stationary in the real scene or is incorrectly positioned.
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Another type of source of errors is system delay, which is the time difference between
the moment that the tracking system measures the position and the orientation of the
viewpoint to the moment when the generated images corresponding to that position
and orientation appear in the displays. The delays could take the form of calculation
of the camera position, communication delays, the time it takes the scene generator to
draw the appropriate images in the frame buffers, and the scan-out time from the
frame buffer to the displays. If there are delays then the augmented objects will tend
to lag behind motion in the real scene. The system design should minimize the delays

to keep overall system delay within the requirements for real-time performance.

3.4 Vision-based AR System

In a video see-through AR system, video images of the user's view are always
available. Using those images to track the camera's position and orientation should be
a reasonable approach, and camera tracking has been extensively investigated in the
field of computer vision. However, recovering 3D information from 2D images is not
an easy task. This also addresses the problem of accurately tracking the 3D motion of
the camera in a known 3D environment and dynamically estimating the 3D camera

location.

3.4.1 Co-ordinate Systems for Augmented Reality
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Figure 3-6 Coordinate systems for augmented reality [16]
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Figure 3-6 shows the coordinate system of a typical AR system. The scene is viewed
via an imaging device, which in this case is depicted as a video camera. Therefore, an
AR system essentially has two cameras: a real one, which generates video of the real
environment; and a virtual one, which generates the 3D graphics to be merged with
the live video stream. The video camera performs a perspective projection of the 3D
world onto a 2D image plane. The intrinsic (focal length and lens distortion) and
extrinsic (position and pose) parameters of the device determine exactly what is
projected onto its image plane. The generation of the virtual image is done with a
standard computer graphics system. The virtual objects are modeled in an object
reference frame. The graphics system requires information about the imaging of the
real scene so that it can correctly render these objects. This data will control the
synthetic that is used to generate the image of the virtual objects. This image is then

merged with the image of the real scene to form the augmented reality image.

3.4.2 Camera Viewing Geometry

Accurate projection of a virtual object requires knowing precisely the combined effect
of the object-to-world, world-to-camera, and camera-to-image transformations. In

homogeneous coordinates, this projection is described by the equation

. -
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where [x y 2] is a point on the virtual object, [u v h] T is its projection in the graphics
image plane, Oax4 is the homogeneous transformation from virtual object coordinates
to world coordinates, Cix4 is the transformation from world coordinates to graphics
camera coordinates, and P4 describes the projection operation of the synthetic

graphics camera onto the graphics image plane.

The video imaging and graphic rendering described above are relatively
straightforward. The research activities in augmented reality center around two
aspects of the problem. One is to develop methods to register the two distinct sets of

images and keep them registered in real time. Some new work in this area has started
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to make use of computer vision techniques. The second direction of research is in

display technology for merging the two images.

3.4.3 Camera Calibration

Camera calibration is the process of calculating intrinsic and extrinsic camera
parameters. Camera parameters are the numbers describing a particular camera
configuration. The intrinsic camera parameters are those that specify the properties of
the camera characteristics; these parameters include the focal length, that is, the
distance between the camera lens and the image plane; the location of the image
center in pixel coordinates; the effective pixel size; and the radial distortion
coefficient of the lens. The extrinsic camera parameters describe the spatial
relationship between the camera and the world; they are the rotation matrix and
translation vectors specifying the transformation between the camera and world

reference frames.

A vision-based AR system also has two cameras, a real one and a virtual one. The real
camera generates a video stream of the user’s environment; the virtual one generates
the 3D graphics to be merged with the live video stream. In order to align the virtual
objects to the real ones properly, these two cameras must have the same internal and
external parameters. To achieve this, an initial calibration of the real camera and a

dynamic update of its external parameters are required.

Figure 3-7 Coordinate systems in Camera Calibration
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Figure 3-7 shows the coordinate systems involved in camera calibration. A point M
on an object will be imaged at some point m in the image plane. In a standard
coordinate system involving the camera, the Z-axis is along the optical axis. The
transformation from M to m is implemented by a perspective projection matrix. The
elements of the matrix are internal parameters. But in general, the 3D world
coordinates are not standard coordinate systems, therefore we have to include a
change from the general frame to the standard coordinate system. The elements of the

transformation matrix are external parameters.

As discussed above, the extrinsic and intrinsic parameters are the result of calibration.
If a continuous update of extrinsic parameters is regarded as tracking, registration is
the process of acquiring the object’s pose through known intrinsic parameters and

computed extrinsic parameters.

3.5 Chapter Summary

In order to better understand the following chapters, this chapter introduced the
related technologies used in developing an augmented reality system. The display

choices of an AR system, the tracking and registration technologies were discussed.
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Chapter 4 Design of a Training System

This chapter discusses the design of a training system using MCAR technology.
Section 4.1 defines the design goals of the system. Section 4.2 describes the hardware
configuration. Section 4.3 presents the challenges met during the designing period.
Section 4.4 discusses the design principles and the decisions made for this system. In
section 4.5, the overall architecture of the system is described and the distributed

mechanism is also introduced. In section 4.6, the chapter summary is presented.

4.1 Design Goals

4.1.1 The Task: ATM Switch Maintenance

The purpose of the thesis is to design and develop a prototype for an industrial
training application based on mobile collaborative augmented reality. Imagine some
trainees in different locations are trained to repair an ATM switch. The task consists
of removing a switchboard from an ATM switch and installing a chip on the
switchboard. As an ATM switch is an expensive piece of equipment, only one trainee
has access to it. The other trainees would like to participate in the training exercise to
get some experience. In addition to trainees, there are some trainers in remote

locations who are knowledgeable experts in the domain.

During the training exercise, the trainee who is equipped with the ATM switch may
need to ask a trainer for advice. For example, the trainee may contact the trainer to ask
for general advice (“How do I...?”) or for particular pieces of information (“which
piece of the switchboard should I work with?”; “ Should I install the chip this way or
that way?”). On the other hand, the trainer may give the trainees some directions or

point out mistakes.
4.1.2 Problems with the Current Practice

Below is a list of some of the problems with the current practice of training in ATM

switch maintenance:

Costly: the ATM switch is an expensive device. Not all of the trainees have had

access to this device. Furthermore, errors in installation could lead to damage to the
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chip or the pins of the switchboard. Therefore, it could be costly to do a real training

exercise.

Inefficiencies: Since the remote trainer is not always available, the trainees often
have to interrupt the current training exercise until they have an opportunity to talk to

a trainer in person.

Insufficient Voice-only conversations: When a trainee needs to ask the remote
trainer for advice, phone conversations can be helpful in asking for a specific type of
information, but they are not effective in situations where an expert has to provide a
trainee with step-by-step directions, depending on the situation. Sometimes video is
indispensable in interactive conversation. Furthermore, it is difficult for a trainer to
instruct a trainee to operate a specific device, especially in a case where the trainer has
to tell the trainee to work on a specific piece of chip among dozens of similar chips on
a switch card. Therefore, effective means are needed to establish a common

understanding during computer-mediated conversation.

Informative Supporting is expected: A problem arises when trainees would like to
be shown how to do the job but the trainers are far away or not available. It is not
informative for a remote trainer to tell a trainee via voice conversation to “pull the

switchboard in this direction in this way”.

Less hands-on experience: The trainees who are not equipped with ATM switches

and other facilities are not able to carry out an effective training exercise.

4.2 MCAR: an Effective Solution

MCAR is an effective method of remedying the shortcomings with the current
practices, described above. Wearable computing enables the local trainee to get
information while she/he is walking around in the working environment; while
augmented reality can be used to overlay supporting information on his/her
workspace, for instance, 3D graphics showing how to remove the switchboard, etc.
CSCW enables remote trainers and trainees to cooperate in the training exercise by

sharing the view of the local trainee through real-time video.
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4.2.1 Virtual Objects

As the devices which the trainees learn to use or repair are expensive and misuse can
lead to serious and costly damage, some virtual objects are used as altematives to the
real objects. With the AR technique, 3D models of the devices are superimposed on
the real world scene, just like the real devices in the physical space. The users are then
able to manipulate the virtual devices in the training exercise. This helps to reduce the

cost of training.

4.2.2 Collaboration Functions

To support and encourage cooperation, cooperative applications must allow users to
be aware of the activities of others. The purpose of a cooperative multi-user interface
is to establish and maintain a common context, allowing the activities of one user to
be reflected on other users’ screens. This common context is achieved by sharing
application information. The real-time presentation and manipulation of shared

information is the main function of cooperative multi-user interfaces.

From this observation I came up with some possible collaboration functions with
which multiple trainees and trainers are able to carry out the collaboration work

effectively through a wearable system:

4.2.2.1 Audio Conference

This allows users to engage in real-time audio conversation during the training

session. It is also a good method of ensuring awareness with the remote users.

4.2.2.2 Remote Presence

If the trainer is able to see what a remote trainee sees, as if she/he were physically
present, she/he can give the trainee step-by-step instructions. This is called “remote
presence” and it can be achieved by transmitting real-time video of the trainee’s view

to the remote trainer, over a wireless network.

4.2.2.3 Remote Manipulation

Remote manipulation refers to a user's ability to manipulate objects in another user's

physical environment. Remote manipulation creates a heightened sense of co-
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presence. The remote participant can use voice conversation to request the local user
to manipulate the physical objects in the physical world, but they cannot operate the
objects by themselves. The use of virtual objects in the shared space allows the
remote trainees to manipulate the virtual objects by themselves, thereby gaining some

value training experience.
4.2.2.4 Remote Pointing

The ability to control a remote cursor enables users to point at objects in other users'
view. Such objects can either be virtual objects (a wire in a wiring diagram) or real
objects captured by the camera of a wearable computer. Remote pointing can increase

the effectiveness of verbal communications by directing the participants’ attention.

4.2.2.5 Image Freezing

As discussed in the last chapter, to ensure real-time performance for an augmented
reality application, the view update rate should be no less than 10 frames/second.
When one remote user wants to direct the attention of the other users to a specific area
in the shared view, using a remote pointer, s/he will have difficulty in capturing the
area when the wearable computer user is moving her/his head. In order to compensate
for the wearable user’s head movements, the remote trainer is provided with an

image-freezing feature.
4.3 Hardware Configuration

4.3.1 Wearable Computer

Currently our research lab is equipped with a commercial off-the-shelf product, the
Xybernaut Mobile Assistant MA IV wearable computer. Figure 4-1 shows this

wearable computer.
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Figure 4-1 A Wearable Computer with some accessories

The wearable computer consists of Intel Pentium MMX CPU 233, 160 MB RAM and

a hard drive with 4.3 GB capacities. Figure 4-2 shows the categories of accessories of

the wearable computer.
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Figure 4-2 Wearable computer peripherals
(1) Input Devices

A mouse and keyboard allow the user to input data, and a microphone and another
output device speaker can enable the user to engage in voice conversation. A 16
million colors, 640 by 480 pixels video camera is attached to the head-mounted

display to enable real-time or still video.
(2) Output Devices
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The size of the head-worn display (640x480) is 18.7cmx6.3cmx11.7cm. It has two
interchangeable mirrors: one is completely opaque for blocking the display and part of
the viewing area, while the other is semitransparent for AR overlay and does not
block any viewing area. However, the display mirror is very fragile and not suitable
for real workplace environments. The display is not well suited for use in bright
outdoor situations, as the contrast is too low for application in normal sunlight. The

display has no binocular stereo capability.
(3) Networking Devices

The wearable computer is connected to a Local Area Network (LAN) infrastructure
that includes Lucent Technologies WavePOINT-II access points through a
waveLAN/IEEE Turbo 1 1Mb PC card. This PC card provides a theoretical bandwidth

of 11 Mbit/s. The realistic throughput is less than that, however.

(4) Other Accessories

The full-function port replicator is flexible so that the user can connect to external
devices easily. It has some ports, including a serial port, parallel port and others that
enable the wearable computer to connect to the external 3.5 inch floppy drive, an

SVGA interface for external display, a PS/2 keyboard and PS/2 mouse, and so on.

To power the computer, an easy-to-replace, rechargeable, nickel metal hydride battery

pack is developed and carried in a backpack or vest in a real-work task.

From the above introduction we can understand that the model of wearable computer
has all the functionality and connectivity of a fully-function networked desktop PC.

The computer currently runs the Windows 98 operating system.

4.3.2 Workstations

Some Pentium III workstations equipped with GetForce2Go video chip are used by

remote trainees and trainers. They are running on MS Windows 2000.

4.4 Design Challenges

There are some challenges in the design and implementation of the system.
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4.4.1 Limitations of the Wearable Computer

There are some limitations to the wearable computer. Even though the upgrade to the
wearable computer is underway, the new hardware equipment is not available in the
design and experiment process. Therefore, the design of the system using this solution

will be based on the equipment that we have at present.

4.4.1.1 Limited Computing Resources

Due to limitations in size and weight, and subsequent limitations in battery
consumption, a typical wearable computer has limited CPU, less storage and memory
than an ordinary PC. However, augmented reality applications require higher
computing ability for head tracking and graphic image rendering. The local

computing resources of the wearable computer are not enough.

A wearable computer can overcome resource limitations by accessing remote
resources over a wireless network. For example, a wearable computer can access data
stored on a remote file or database server or it can run computer intensive jobs on

computer servers.
4.4.1.2 Missing Infrastructure for Building Mobile Applications

The mobility of the wearable host and the special characteristics of the wireless link
(limited bandwidth, latency, low reliability) increase the complexity of the software.
Yet, there is still a lack of high-level support for building distributed mobile

applications.
4.4.1.3 Lack of 3D Support in Hardware

With regard to the CPU power and 3D capability problems with the wearable
computer, I spoke to Mr. Torsten Bergander, an engineer at Xybernaut Corporation,
who was involved in the 3Dwm/Xybernaut joint research project. To improve the
CPU power of our wearable computer, he recommended that we upgrade it from the
MA IV series to the 400MHz MA TC series. To improve the 3D capability he
suggested that we add a good 3D-accelerator card with a 1-slot CardBus-to-PCI
Expansion System to the wearable computer. A demonstration has already been done
with 19 frames/seconds on the TC series and 10 frames/second on the IV series with

the accelerated 3D hardware.
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4.4.2 Real-time Performance

The computational tasks that operate on head tracking, virtual object recognition and
graphic image rendering can be time consuming and computationally intensive,
especially if the data being explored are complex and huge. This invariably leads to
very low frame rates. As we discussed in the former section, delays greater than 60ms
between head motion and visual feedback impair adaptation and the illusion of
presence. A collaborative augmented reality system needs to provide the minimum

frame rate (10 frame/sec). while collaborating with other users in parallel.

4.4.3 Sensitivity to Errors

Since the information has to overlap with the real world, the smallest errors in
tracking information are detected by the eye. Any mismatch between augmented
objects and real objects can be uncomfortable and also result in incorrect information

being given to the user.

4.4.4 2D Device Limitations

It is a big challenge to effectively choose a virtual object and manipulate it when
multiple virtual objects are in the view. A standard mouse comes with the wearable
computer is a 2D device, which is difficult to use to manipulate the virtual object in
the 3D world. Typically. the user is walking around and the view is updated 10 frames
per second, which makes it difficult for the user to capture the virtual object in the

view.

4.5 Design Principles and Decisions

Some issues have to be addressed in designing an effective training system: a suitable
display technique for the wearable computer has to be decided upon; an accurate and
effective tracking mechanism has to be provided; an effective media communication
and presentation mechanism including audio transmission method and video
compression technique must be selected; and a mechanism for proper data sharing is
necessary when clients and servers reside on heterogeneous platforms. I will discuss

the issues and the decisions taken in detail in the rest of the section.
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4.5.1 Display Technique

4.5.1.1 Principles

As discussed in Chapter 3, both optical-based and video-based display techniques
provide “see-through” characteristics for the wearable computer. An optical see-
through HMD employs a mirror beam splitter to reflect images onto small opaque
screens. The real world can be seen through the half-silvered mirrors, as the graphics

are overlaid and rendered on the display.

In a video-based head-mounted system, cameras on the HMD view the real world and
the recorded video stream is merged with the computer graphics. The mixed image is

projected onto small monitors inside the helmet.

A benefit of the optical see-through display is that it enables users to view the real
scene directly, maintaining the full fidelity of their vision. In addition, these tend to be
lower in power than video see-through HMDs, since it is not necessary to render the
video image of the real world, therefore they are more portable. Theoretically, an

optical-based system is more suitable for fieldwork applications.

On the other hand, the video approach is almost problem-free, since the real world
scene comes from the real-time video. With this approach, the real world scene and
the virtual scene are seamlessly merged together by the system to provide a composed
scene. All the information, both real and synthetic, is digitized, and is therefore more

realistic visually and also easier to control.
4.5.1.2 Practice and Decision

Unfortunately, during testing we found that with an optical display of our wearable
computer the computer graphic overlays take on a sort of ghostly appearance because
they are reflections off a mirror. We could not make heads and tails of it. It is not very

effective in cases where both environments are rich or complicated.

However, with the video-based display technique, even though the mirror is
completely opaque for blocking the display, the user can still have a direct view of the
surrounding environment since the mirror only blocks part of his view. In addition,
the quality is much better than with an optical-based display. Furthermore, we

implemented the system and tested it with the workstations most of the time. If the

54



system is developed with a video-based HMD technique, this doesn’t affect the
research objective of this thesis. Therefore, we chose to implement the system with

the video-based display technique.

4.5.2 Tracking Mechanism

For an AR application a good tracking mechanism has to be provided to decide where

and which virtual objects should be superimposed on the real world.

4.5.2.1 Requirements

An AR application for industrial training is potentially used to boost fieldwork

performance. It has some basic requirements:
¢ Minimum range restriction

The trainee may need to walk around with minimum range restriction, when s/he is

doing the fieldwork.
® Accuracy

The graphics have to be overlaid accurately on top of the real-world objects.
o Flexibility

There could be some virtual objects which need to be overlaid in the view. Providing
a mechanism to recognize different virtual objects and setting up the augmented

reality environment with flexibility is very important.

4.5.2.2 Decision

As discussed in chapter 3, magnetic and ultrasonic trackers commonly used in VR do
not provide the accuracy and portability required in AR. They do not provide a good
enough mechanism for recognizing virtual objects. Computer vision, on the other
hand, can potentially recognize and locate objects in the environment by putting some
features in the view and measuring their locations and tracking them over time, as the
user moves his or her head. It is also possible to provide accurate data at long ranges.
By using head-mounted cameras and wearable computers, a truly portable system
could be developed. Therefore, we decided to make use of the computer vision

tracking technique to locate and recognize virtual objects.
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4.5.3 Distributed Visualization Solution

In this system, the visualization endpoints that allow users to participate in the

collaborative augmented reality workspace include:
® A wearable computer wom by a trainee in the real-world task;

® One or more desk-bound workstations used by the trainer and other trainees in the

remote location.

All of these visualization end points are connected via a network. They have to share
the view while carrying out collaboration work. The collaboration data consist of an

object manipulation stream, pointer stream and command stream.

The architecture of the Collaborative Augmented Reality (CAR) system determines
many aspects of the implementation. There are two kinds of distributed visualization

architectures.
4.5.3.1 Centralized Architectures

In a centralized (or client-server) architecture, a central server program handles all
user input and display output events, which are routed via clients [17]. Local
workstations act as graphical terminals and window servers. The master-siave
architecture is a variant in which one client is merged with the server and all other

nodes run as clients.
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Figure 4-3 Centralized architectures
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4.5.3.2 Replicated Architectures

Replicated architectures maintain exact copies or replicas of the data at each
workstation. To maintain consistency, each replica handles screen management and
feedback locally and broadcasts any change to the application data to all other

replicas.
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Figure 4-4 Replicated architectures

4.5.3.3 Centralized Architecture vs. Replicated Architecture

Both centralized and replicated architecture offer benefits and limitations. Table 4-1

summarizes the characteristics of different distributed-system architectures.

Centralized architecture Replicated architecture
Advantages Easy to implement Easy to provide different levels of
sharing

Easy to add/remove nodes

) Easy to provide rapid feedback
Easy to keep consistent

Disadvantages | Hard to provide different levels | Hard to implement

of sharin
& Hard to add/remove nodes

Hard to provide rapid feedback
Hard to keep consistent

Table 4-1 Centralized architecture vs. replicated architecture
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The primary advantage of the client-server approach is simplicity: the application and
all data are held centrally, simplifying access management and data consistency. It is
relatively easy to support presentation-level sharing, because the server can replicate
display directives to all clients. Because the sharing policy is embedded in the central
server and is not visible to the clients, it is difficult to provide different levels of
sharing with this architecture. The centralized architecture is also vulnerable to
delayed feedback and failure of the central node because all events must travel over a

network.

The major advantage of the replicated approach is that it supports different views
easily. End-user interface tailoring is relatively easy to provide, as each replica can
adapt its sharing policy to the user’s preferences. With this architecture, the end-user

can provide rapid feedback to other users.

The drawback of a replicated architecture is that it makes the management of shared
information more complicated. Simultaneous updates that conflict with each other can

lead to inconsistencies. In contrast, a centralized architecture is easier to build.

A further problem occurs when users join a group session already in progress. This
dynamic registration is straightforward with a centralized approach, since new clients
need only contact the central server. The server can then bring the new client up to
date. With a replicated approach, however, a new replica must contact all other
replicas to tell them that it needs to receive updates. This means that new replicas

must know or be able to learn the locations of all other replicas.

4.5.3.4 Decision

Our objective is to develop an architecture that supports multi-user interfaces. It
should be easy to add nodes to the architecture and maintain consistency among
displays. Therefore, the infrastructure of the system is built in the form of a client-
server architecture, in which the wearable computer and workstation works as a client
to handle the user’s input event and render the graphic images while the server
provides an information sharing mechanism. It distributes the sharing data to clients

and maintains consistency between them.
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The process of vision-based tracking has high requirements with regard to the
computing ability of the machine; therefore we allocated this process to the server for

the following reasons:

® Reduce the workload of the wearable computer, which has lower battery

durability and CPU speed compared to the PC workstation;

® Centralize the database for vision-based tracking so that each client is not

necessary to keep a copy of it.

With this architecture the system maintains good consistency and has good extension

capability. The system allows clients to join at different times.
4.5.4 Media Communication and Presentation

In our system, the video stream and audio stream are required to be transmitted
among clients. Since the data coming from the capture devices in our system lack
compression, the amount of original data is too large to send across the network
where data bandwidth is constrained. Therefore, the captured data have to be
compressed before being sent to the network. A software encoder/decoder is used for

this purpose.
4.5.4.1 Quality of Media Stream Presentation

In a multimedia communication application, the quality of a media stream

presentation often depends on several factors:
® The compression scheme used
® The processing capability of the playback system
® The bandwidth available for media streams acquired over the network

Higher-quality media streams are often achieved by using more data (e.g. bits per
pixel). Higher-quality compression schemes usually result in a better quality media
stream but also produce more data as well. Therefore, they require more powerful
playback systems and higher bandwidth to process and transmit such media streams.
Unfortunately, the overall network bandwidth is limited and often has to be shared. A

higher-quality compression scheme used on the source-side may cause more data
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packet loss on the receiver-side if the network is congested. As a result, the receiver
may not present the expected stream quality, and the audio may be clipped or the

video jerky, or other failures may occur.
4.5.4.2 Audio Transmission

Audio and video streams may be transmitted separately or interleaved and transmitted
as one stream. Since media streams have different creation, transmission and playback
characteristics, they also have different requirements with regard to quality of service.
The audio and video streams will use separate multicast channels. The audio
capturing module allows participants to enter into an audio-conferencing session. The

module is based on the Microsoft NetMeeting SDK.
4.5.4.3 Video Compression Standards

Researchers have developed many techniques for video compression. Four important

video (and audio) compression standards have been proposed in the past few years:
e JPEG for still-image compression

e CCITT (now ITU-TS) H.261 for videophone and teleconference applications, at a
bit rate of multiples of 64 kbps

® MPEG for motion video and associated audio compression
e ITU-TS H.263 for videophone applications at a bit rate below 64 Kbps.

H.261 and H.263 are optimized for video compression of scenes where there is not a
lot of action, with which the interframe and intraframe redundancy can be greatly
exploited. They are generally used for videoconferencing applications at a low bit rate

network.

MPEG is the coding of combined video and audio information. MPEG-1 specifies a
decoder and representation for the retrieval of full-motion video from storage. MPEG-
2 is designed to address broadcast TV sample rates. MPEG-4 is an audio-visual

coding standard for very-low-bit-rate channels.



JPEG is able to compress still-images to a ratio of 10:1 and 50:1 [18], without visibly
affecting image quality. JPEG for full-motion video works independently from frame

to frame. and therefore does not consider inter-frame redundancies.

4.5.4.4 Decision

Since high quality video images are needed for accurate tracking and registration, the
JPEG compression technique was chosen for video compression/decompression in

our system.

4.5.5 Data Sharing Mechanism

A mechanism for effective data sharing is necessary between clients and server when
they reside on heterogeneous computing platforms. Furthermore, the data should be
optimized before transmission. Therefore, an effective data transmission mechanism

and data packing routine are provided.

4.6 Overall Architecture

As shown in Figure 4-5. a typical architecture includes three major components: a
wearable computer, a server and one or more workstations. They are connected via a

network.
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Figure 4-5 Overall Architecture of a Collaborative Augmented Reality System

The client runs on a wearable computer or workstation. It consists of video capturing,

video encode/ decode, user interface and data transmission. However, the

workstation usually does not contain video capturing.

As shown in this figure, the camera mounted on the wearable computer captures live

video through the video capturing module. The video image is encoded by the video

encode/decode module and transmitted to the server through the data transmission

module. The server receives the data from the data transmission module. The encoded

image is decoded by the video encode/decode and analyzed by the vision-based

tracking module to calculate the transformation matrix of the virtual objects relative

to the video camera. Some patterns in the image are matched against pattern templates
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in the marker database to recognize the virtual object’s identification. The marker’s
identification and camera transformation matrix are then sent back to the wearable
computer. The wearable computer extracts the 3D models from the media database
according to the virtual object’s identification, and generates the graphic image and
renders it via the graphic images rendering module, together with the captured video

image.

The server also sends the encoded video image, virtual object’s identification and
camera transformation matrix to the workstation. The workstation receives the data
from the data transmission module and uses the video encode/decode module to
decode the video image. The 3D model is extracted from the media database based on
the virtual object’s identification and rendered by the graphic images rendering

module, together with the decoded video image.
This architecture has the following benefits:
e Distributed Computing

The system is based on a client/server architecture. It allows each component to
share the overall workload. Furthermore, it is good for different-level sharing. As

a result, it improved the overall system performance.
o Problem Decomposition

The architecture decomposes the complex system into relatively simple modules

that are easy to construct and implement.
e Easy Deployment

The separate components benefit from easy deployment.
e Hiding Computing complexity from the client

Locating the vision-based tracking process in the server hides the computational

complexity from the clients so that the clients won’t overload.
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4.7 Chapter Summary

This chapter defined the design goals of the system for industrial training using
mobile collaborative augmented reality. The hardware configuration was then
described, and the challenges met during the designing step were set out. After that,
the problems with the current practices were discussed and the decisions made for this

system were presented. Finally, the overall architecture of the system was presented.



Chapter 5. Detailed Design and Implementation

As discussed in chapter 4, the prototype leverages a client/server architecture. It
consists of six modules: video capturing, video encode/decode, data transmission,

vision-based tracking, graphic images rendering and user interaction.

Figure 5-1 shows the physical view of the external devices, software modules, the

programming languages and tools in the system and their relationship.

Video ‘Graghic User -
Capturing Image Interface ||
B External Device g Operation System g Frogrammmg Software

Language & Tools Module
Figure 5-1 Physical view of the system

This chapter will introduce the development environment. The design and
implementation of the prototype will then be investigated in detail. Finally, an

application based on this prototype will be presented.
5.1 Development Environment

5.1.1 C/C++

Compared to Java, C/C++ is more suitable for real-time applications especially when
the image must be processed bit by bit for vision-based tracking. Since both the
wearable computer and the workstation run Windows, Visual C++ 6.0 will be used to

develop the application.
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5.1.2 Microsoft Vision SDK

Microsoft Vision SDK is a library for image manipulation and analysis on computers
running Microsoft Windows operating systems. It is a low-level library including
classes and functions for working with images, but it does not include image-

processing functions.

In the implementation, Microsoft Vision SDK is used to access the camera, perform
image manipulation and analysis in video capturing, graphic image rendering, video

encode/decode and vision-based tracking.

5.1.3 ARToolKit

ARToolKit is an Augmented Reality tracking library that uses computer vision
techniques to calculate with precision a camera position and orientation relative to a
tracking marker. With these libraries an AR system can draw 3D virtual objects that
are exactly aligned with a real object. It is used in the implementation of the vision-

based tracking module.
5.1.4 OpenGL & GLUT

OpenGL is a software library which wraps the low-level graphic hardware operation.
This library consists of about 250 distinct commands for producing interactive three-
dimensional applications. OpenGL is designed as a streamlined, hardware-
independent interface. It has been implemented on many different hardware

platforms. The prototype uses OpenGL 1.2.

However, OpenGL doesn’t handle user input or Windows events. Therefore, the
OpenGL Utility Toolkit (GLUT), a window-system-independent toolkit, which hides
the complexities of differing window system APISs, is used in the implementation of

the graphic images rendering and user interface modules.
5.1.5 VRML and OpenVRML

OpenGL doesn’t provide high-level commands for describing models of 3D objects.
Such commands might allow you to specify relatively complicated shapes such as

computers or human beings with a fair amount of detail. With OpenGL, the
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programmer must build up his designed model from a small set of geometric

primitives — points, lines, and polygons.

The Virtual Reality Modeling Language (VRML) is a file format for describing
interactive 3D objects and worlds. With VRML, some complicated 3D objects can be
built, but a tool to browse the VRML file in OpenGL is needed. OpenVRML is a
portable. free VRML browser available under the GNU Lesser General Public
License. With this tool, some complicated models can be browsed on an OpenGL

viewer.

Therefore, the VRML and OpenVRML are used in the development of graphic
images rendering. However, in our experience, some characteristics of VRML
models. such as colors and light, cannot be rendered in OpenGL correctly because of

the limited command in OpenGL.

5.1.6 MFC

The Microsoft Foundation Class (MFC) Library, a C++ Windows™ interface, is used

to implement the graphic user interface.

5.1.7 CavernSoftG2

CavernSoftG2 is a C++ hybrid-networking/database library optimized for the rapid
construction of collaborative Virtual Reality. It is widely used in the VR community.
CavernSoftG?2 is selected to support the distribution and collaboration functions in the

system.
5.1.8 Intel’s JPEG Library

Intel’s JPEG Library (IJL) is used for video image compression/decompression. The
L is a software library for application developers that provides high performance
JPEG encoding or decoding of full color, and grayscale, continuous-tone still images.
The IJL was designed for Intel processor-based systems and has been tuned for high

performance and efficient memory usage.
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5.2 Detailed Design

5.2.1 Video Capturing

This module is responsible for video capturing and is implemented with the Vision
SDK. The captured images that we work with are specified as RGBA pixel types in
which a pixel is represented as 4 bytes. Each byte represents a red, blue, green or
alpha value. A sequence is defined to connect to the image source, which is used as a

"pipeline,” with images pushed in at the back and popped out at the front.

5.2.1.1 Initialization

This module consists of two functions. One of the functions is the initialization of

video capturing. The procedure is as follows:

®

[ Connect to VFW camera I

v

Find image source,
connect the source to a sequence

| Grab Initial image |

Succeed?

[ Inqury image size ]

6

Figure 5-2 Flow chart for video capturing initialization

5.2.1.2 Video Image Access

To get a video image from the image source, we simply pop an image from the front

of the sequence as:
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if ('sequence.Pop(image, 40000)){
printf("Couldn't get the image\n");
return false;

)

If the image is available within 40000 milliseconds, the image will be removed from
the sequence and image will contain the desired image. If the image is not available

after 40000 milliseconds. false will be retumed and image will not be modified
5.2.2 Video Encode/Decode

To encode/decode the video images in the system, a JpegEncode and a JpegDecode
class are developed based on the Intel JPEG Library. JpegEncode is used to encode
the video image to a buffer while JpegDecode is used to decode Jpeg data from a
buffer.

5.2.3 Vision-Based Tracking

I used the technique proposed in the ARtoolkit for vision-based tracking. In this
proposal, a marker with a square region and a pattern inside of the square region is

used, as shown in figure 5-3.

Figure 5-3 Sample patterns

§.2.3.1 Camera Tracking

The known square size and pattern orientation is used to calculate the position of the

real video camera relative to the marker. This matrix is then used to set the position of
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the virtual camera coordinates. Since the virtual and real camera coordinates are the

same, the computer graphics are drawn precisely overlay the real marker.

Figure 5-4 shows the system flow for vision-based tracking. In this figure, the data

flow between client and server is simplified.

Capture Video Image

J

. ‘ _ Video Stream from Camera

Vision-based
Tracking Search for markers
( Find marker 3D position )
and orientation

—

‘ . L Position and orientation of merks
Identify markers

_J
' " ‘ Object IDs

User Interaction ' .l Position and orient objects J

’

[T{euder 3D objects in video frame ]
l Combimd Irmages

Figure 5-4 System flow for vision-based tracking
5.2.3.2 Recognizing Different Patterns

To decide which virtual object should be superimposed on the marker, the patterns
inside the marker square in the video input stream are matched against pre-trained
pattern templates. These patterns are loaded at run time; the text file object_data
specifies which marker objects are to be recognized and the patterns associated with
each object. The object_data file begins with the number of objects to be specified as
well as the text data structure for each object. Each of the markers in the object_data

file are specified by the following structure:
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Virtual Object/Maker Id

Virtual Object Name/VRML File Name and Directory
Pattern Recognition File Name

Width of Tracking Marker

For example the structure corresponding to the marker with a VRML module “chip”

is:

Wrl/chip.wrl
Data/patt_Hiro
80.0

It shows that the identification for the marker or virtual object is 2. The marker pattern
file name is patt_hiro in the data directory. The pattern is associated with a VRML
module specified with chip.wrl. The width of the tracking marker is 80.0 mm.

5.2.4 Data Transmission

The communication layer is responsible for all exchanges of information amongst
users. When clients and server reside on heterogeneous computing platforms, data
format conversion is necessary for proper data sharing. A data packing routine
provides data conversion and serialization for the data with most base types (ints,

floats, etc).

In our system, communication is composed of two primary components. First, a TCP
reflector in the server transmits reliable TCP packets when the information being
transmitted is essential, for instance the video images, camera pose translation matrix
and visible object identification. This component is called camera communication

(see Appendix A).

Finally, a database component manages collaboration information such as commands,
the coordinates for a remote pointer, and the translations of the visualization geometry

resulting from object manipulation.
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The server’s primary function is to serve as a central connection point for each of the
clients. The server reflects commands and operations to each of the connected clients

to enforce the shared states of the environment.
5.2.4.1 Communication of Collaboration Data

The collaboration data, including collaboration commands, the coordinates of remote

pointer and object manipulation are transmitted between participants.

We used a distributed shared memory technique via a database class provided by
CavernSoftG2 to disperse the collaboration data between participants. Its basis is the
notion of uniquely namely “keys” that hold data, and an Information Request Broker
(IRB) that manages them. A key in one IRB can be linked to a key in another IRB to
share changes in data. The IRB is actually a process thread that provides methods for
setting and getting data from a key. On receipt of new data, it calls a user callback
function to handle the new data. If new data are set into the key, the IRB disperses

them to all linked keys.

Collaboration y { Collaboration

IRB1 I RemotePointer HM“H RemotePointer I IRB2
| 1

ObjectCoordinate  Chacinai2 ObjectCoordinate
1

1
LCommand HM3 HCommand I

Figure 5-S Communication of collaboration data

As shown in figure 5-5, there are three keys used to communicate collaboration data:
RemotePointer, ObjectCoordinate and Command are defined in collaboration IRB1

and collaboration IRB2 respectively in our system.

When a participant inputs a command or manipulates a virtual object with a keyboard
or a mouse, this event will update the database and it will be propagated to all the
subscribers of the database via the server. The subscribers will be notified via a
callback function. The updates are sent to the server with UDP as the data package is
small and its loss won’t affect the synchronization between the clients. The server will
then forward the data to all of the clients with reliable TCP, as any loss of this

information could lead to misunderstandings in the communication between
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participants. The database server can arbitrate any conflicts and maintain uniformity,
thereby ensuring consistency in the shared environment. To enforce greater
consistency requirements, a locking mechanism to lock data on a shared memory is
provided so that only a single client may update the shared memory at any one time.

Attempts by other clients to update the memory will be ignored.
5.2.4.2 Latecomer Support

In the collaboration applications, some participants will join the application at a later
time. In our application, the server will check the new clients regularly and add them
to the client list once they have been checked. As long as the newcomer subscribes to
the shared memory of the specific data, it will be sent the data in the shared memory

and keep the same state with the other subscribers.
5.2.4.3 Audio Conference

The audio capturing module allows participants to engage in an audio-conferencing

session. The module is based on the Microsoft NetMeeting SDK.
5.2.5 Graphic Images Rendering & User Interface

The system supports real-time collaboration in which the users share an augmented
workspace with some collaboration functions such as remote pointing, virtual object

manipulation and freeze-image action.
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Figure 5-6 Data flow between peripheral devices and the system

Figure 5-6 shows the data flow of peripheral devices and the system. As we can see,
the video images captured by the camera mounted on the wearable computer are
transmitted to the server. The server replicates the images to other clients.
Furthermore, the server processes the images and produces the transformation matrix

of the visible virtual objects and distributes the data to all of the clients.

When the users interact with the system for collaboration, using a mouse or keyboard,
the pointer stream, virtual object manipulation stream and command (freeze image,

etc) stream are distributed to the other clients by the server.

Finally the video, collaboration command, remote pointer, virtual object
transformation matrix and manipulation data streams are combined together to
generate graphic images and rendered on the wearable computer and workstations

respectively.
5.2.5.1 User Interaction for Collaboration

The system manages the user interaction events for collaboration. The users are

offered to manipulate the virtual objects with a keyboard or a 2D mouse.
5.2.5.1.1 Virtual Object Manipulation with a Keyboard

With regard to manipulation with a keyboard, some specific keys are defined to
manipulate the virtual objects. The numbers “1~9” are defined to represent the virtual
object identifications. Some letters are defined to move, rotate and scale the virtual
object with regard to axis x,y and z on the direction of “+” or “~* respectively, as

shown in the table below.
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e A —

Translatiop;'. ‘S'
x ‘0’ P
Rotation y ‘K’ oL
b4 ‘L’ ‘M’
Scale S v

Table 5-1 The definition of operation keys for remote manipulation

In the operation, the user can press the number key to choose the virtual object; for
instance. he can press “1” then *“Q” or “P” to move or rotate a virtual object on the

plus or minus direction of the x-axis.

One click to the letter results in the corresponding manipulation with one unit. In the
default setting, the unit is one pixel. This is too small to be recognized as a
manipulation effect in the rendering. Therefore, a bigger unit for each manipulation is
defined. For instance, with every operation on an object, the units for movement and

rotation are 60 pixels and 30 degrees respectively.
5.2.5.1.2 Virtual Object Manipulation with a Mouse

[ have used GLUT to demonstrate 2D mouse interactivity for 3D object manipulation

in a 3D environment by detecting mouse clicks and motion.

To manipulate a virtual object with a 2D mouse some effective mouse button clicks

and corresponding motion coordinates are specified, as follows:
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Manipelaiion

X Left & Right Button x

Rotation y “Shift”"+Left & Right Button

=

“Ctrl"+Left & Right Button x

(&)

Table 5-2 Mouse operation specifications for virtual object manipulation

As shown in this table, with the help of the modifier keys “Shift” and “Cul”, we can
use only the left and right button of a 2D mouse to move and rotate a virtual object.
When there is more than one virtual object in the view, we use the specified number

key which represents the ID of the virtual object to pick it up for manipulation.

5.2.5.1.3 Remote Pointing

In order to direct the attention of the remote participants, a viewer of a shared image
can use a remote pointer. When he/she clicks the mouse button, the (x,y) coordinates
of the mouse are sent to the remote participants and rendered as a cursor in addition to

the regular cursor.

5.2.5.1.4 Image Freezing

A remote user is able to press the mouse button to freeze the most current video frame
on both the wearable HMD and the desktop computers. The remote users can then
move the remote pointer without having to follow the wearable user’s head
movements. Any trainer /trainee can turn off the image-freezing feature any time so

that the real-time video sharing is recovered.
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5.2.5.2 User Manager Dialog

The user manager dialog is implemented with MFC and used by a client to start the
application. As shown in figure 5-7, this dialog allows a user to input the server IP
address and port to be connected. A client also has choices with regard to the real-
time video: the client can specify whether the video should be shared or not, or the
video should just be received. For workstation users who have no real-time video
resource, their only choice is to receive video. For a wearable computer user, he/she
can have choice to provide video or not. If he/she provides it, then the workstation
users who connect to the server later on can receive real-time video, join a training
exercise and do the collaboration work. If he/she chooses to not provide it, then he/she
just does the training exercise with the system alone, without collaboration with the

other users.

In the dialog, the client also has the choice to define whether or not a full screen
should be used to view the graphic image window/ viewer. Since the wearable
computers have a limited screen space, in most cases wearable computer users prefer
to have a full window for graphic image rendering. For this reason I set up a full
window flag as an option for the user; when the flag equals 1, then the user’s

application window covers the entire screen window.

User Manager ! B e Xl

Sevel’ [N Pm [e010
Provide video? h"— {O-No: 1-Yes; 2-Receive video)

Full windows? |0 (0-No: 1-Yes)

o] __cwes |

Figure 5-7 User manager dialog
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5.2.5.3 Local Viewer & Remote Viewer

The graphic images, including the video image, virtual 3D models, prompt and
remote pointer, are rendered with OpenGL and displayed in the camera viewer of the
wearable computer and the remote viewer of the workstations, as shown in figure 5-8
and 5-9 respectively. When the wearable computer connects to the server
successfully, a camera viewer is displayed. In the same way, if a workstation connects
to the server and successfully joins the current wearable computer session, the same
information as the camera viewer is displayed. As shown, the remote pointer is

represented with a red wire frame including a red point to direct the user “look at this
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Figure 5-8 Camera viewer (Local)
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Figure 5-9 Remote viewer

5.2.5.4 Pop-up Menu

In the viewer, the user can right-click the mouse to enable the pop-up menu, as shown
in figure 5-8 or figure 5-9. There are three options on the pop-up menu: freeze image;
remote pointing; and object manipulation. All three options have a sub-menu for ON
and OFF. The user can enable or disable the collaboration functions by clicking on the

sub-menus.

The right button of a 2D mouse is used to manipulate a virtual object as well as for
activating the pop-up menu. Therefore, when the user wishes to use the mouse to
manipulate the virtual object, he has to press “F1” to detach the right mouse button to
the pop-up menu and enable the mouse to manipulate the virtual objects. “F2” is
provided to disable the function of object manipulation with mouse and attach the

right mouse button to the pop-up menu.
5.3 Application

To better understand the prototype, consider the following scenario.

Imagine a group of trainers and trainees that are geographically disparate. The
trainees are being trained to repair an ATM switch. The task consists of removing a

switchboard from the ATM switch and installing a chip on the switchboard. A trainee,
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equipped with a wearable computer and an ATM switch, runs the training system and
works with these devices. Figure 5-10 shows a trainee, wearing a wearable computer,
working with a switchboard. Let’s refer to him as local trainee A. Trainer T and
remote traince B are working on the remote workstations, watching A’s actions
through the local trainee’s shared view. All are equipped with a microphone and are

able to interact through live audio.

Figure 5-10 a trainee works with a wearable computer

Figure 5-11 shows the screen shots of the local viewer and camera viewer of the
collaborative training exercise running on our system. The first thing that the trainee
learns is how to pull out the switch card. When local trainee A points at the ATM
switch with the camera mounted on his wearable computer, he sees an ATM switch
with more than ten switchboards, as shown on figure 5-11(a). When he approaches
the ATM switch, a 3D model--cone style arrow is superimposed on a switchboard to
instruct the user to push out this switchboard (figure 5-11(b)). Using a remote pointer,
trainer T directs him to push up the button on the top of the surface of the
switchboard, and push down the button on the bottom of the surface of the
switchboard at the same time, then pull out the switchboard in the direction of the
overlaid cone style arrow. As shown in figure 5-11(c), trainer A pulls out the

switchboard as directed.

The switchboard is put on the table with two virtual chips next to it (figure 5-11(d)).
As shown in figure 5-11(e), trainee A picks up the chip with seven pairs of pins and
moves it close to the switchboard. As shown in figure 5-11(f), the chip is laid on the
socket with all of the pins lined up. Pin 1, marked with a white dot on the chip
surface. is at the top left of the figure. Remote trainee B would like to try installing
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the chip in another way, and he shows trainer T and trainee A his idea by orientating
the virtual object with the keyboard or mouse. As shown in figure 5-11(g), the virtual
chip is rotated by trainee B with the small white dot on the bottom right of the picture.
Trainer T points to the small white dot on the virtual chip surface and says that both
pin | and the socket should be matched up for correct installation, or it will result in
serious damage to the chip (figure 5-11(h)). Through this interactive “real” training

exercise the trainees can gain valuable experience

Trainer T: Pull the button up,
then pull out the switchboard.

(a) Camera is pointing at an ATM Switch; (b) Directing the trainees to pull out
the switchboard;

(c) Trainee A is pulling out the switchboard; (d) Switchboard with two virtual
chips beside it;
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(e) Trainee A picks up one virtual chip to install it; () the virtual chip is laid on
the switchboard;

Trainer T: No. The pin 1 of the chip
and the socket should be matched up

Trainee B: Can [ install it

in this way?

(g) The virtual chip is rotated by trainee B; (h) Trainer T point out that is
incorrect.

Figure 5-11 Screenshots for the industrial training prototype

5.4 Chapter Summary

This chapter presented the detailed design and implementation of the system. Firstly,
the programming language and tools used in the development were introduced. Then
the implementation of each module of the system was described. The chapter ended

with a presentation of the prototype for the training application for ATM switch

maintenance.
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Chapter 6. Experimental Results & Evaluation

This chapter will present the experimental results and evaluation. First the 3D
capability of the MA IV Xybemaut wearable computer is discussed and some
preliminary evaluation results are presented. Then the test beds of the collaboration
system are introduced and some test results based on these test beds are presented.
Finally some subjective user evaluation to the system performance and effectiveness

of the functions provided by this prototype are presented and discussed.

6.1 3D Capability of the Wearable Computer

6.1.1 Evaluation

The Xybernaut wearable computer that we are using tumed out to lack 3D hardware
and be low on CPU power. How does this affect the augmented reality application
with a wearable computer? Figures 6-1, 6-2 and 6-3 show the screenshots of the

experiments.

Figure 6-1 Rendering the video images (RYV)
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Figure 6-3 Rendering video images, tracking visible virtual objects and
rendering them (RV+TR+RG)

In the AR application, there are three important processes:
1) Rendering the captured video images (RV);

2) Detecting the markers, calculating the camera viewpoint relative to the real
world and recognizing the patterns in the video input frame to decide which

virtual object is visible - this is referred to as vision-based tracking (TR);
3) Rendering the graphic images of visible virtual objects (RG).

Figure 6-1 shows the experiment with only the process of video image rendering
enabled. This configuration is referred to as RV. Figure 6-2 shows the experiment
in which the video image is rendered, the position of the video camera relative to

the physical marker is calculated and the visible objects are recognized. This
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configuration is referred to as RV+TR. Figure 6-3 shows the experiment wherein
not only the RV+TR configuration is enabled, but also some simple virtual
objects, such as cube and sphere, are rendered. This configuration is referred to as
RV+TR+RG and is the configuration of a typical AR application. Table 6-1 shows
the update rate of the view when the application is run on the Xybernaut Mobile
IV wearable computer without 3D hardware support and the workstation (Pentium

111-300) with GetForce2Go video card respectively with the above configurations.

Running an AR application with a wearable
computer and a workstation

16 14.9

137

i ° 14 -

. e 12

210

j, § 8 @Waearable Computer
L8 6 @ workstation
-

RS

| % 2]

o ~

: RV RV+TR RV+TR+RG

i Configuration

Table 6-1 Running an AR application with different configurations

The video images (320x240) in the application are in RGBA format, in which a pixel
is represented with 4 bytes. As the figure shows, the view update rate of the wearable
computer is much lower than that of the workstation with the same configuration. The
update rate for rendering the video images is 3.6 frames/second. It is time consuining
for a wearable computer to draw an image, using OpenGL, pixel by pixel in RGBA
format without 3D hardware support. However, a workstation equipped with a
GetForce2Go video chip can achieve 14.9 frames/seconds. The time the workstation
(Pentium [III-300) spends on the TR process is a little bit faster than a wearable
computer (Intel 233). Drawing two simple virtual 3D models on the video images just
makes the rendering a little bit more complicated. It doesn’t add much load to the

workstation or the wearable computer either.
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6.1.2 Result

From this experiment we can conclude that without 3D support in the hardware, a
wearable computer, of the type we had, is not sufficient for augmented reality
applications that require a 10 frames/seconds update rate to retain a sense of

immersion in the real world.

6.1.3 Solution

A powerful wearable computer with a good 3D accelerator is recommended. A
possible alternative could be a powerful laptop carried by the user in a backpack and
equipped with a GetForce2Go video chip and an I-glass see-through stereoscopic

color Head Mounted Display mounted with a camera.

6.2 Test Beds for the Prototype

The 3D capacity of the wearable computer model that we own is not satisfactory for
the real time AR application, 2specially the collaborative AR application that requires

real-time support for the collaboration and high quality of rendering.

6.2.1 Test Bed A

The first test bed for our prototype consisted of three Pentium III workstations
equipped with GetForce2Go video chips running MS Windows 2000, and a Mobile
IV Xybernaut wearable computer running MS Windows 98. One workstation works
as a server and the other two workstations work as clients. The workstations are
connected via a 100 BaseT Ethemet. The wearable computer communicates with the

workstations through 11 Mb/s wireless link.
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Workstation 1 Workstation N

Server Wearable Computer

Figure 6-4 Test Bed A

Running the prototype with this test bed, the view update rate is about 3
frames/seconds to the video image with 160 pixels by 120 pixels. This is not
satisfactory for the real time AR application. Because of the low view update rate, the
3D objects flow in the AR environment when the wearable computer user moves his
head. This means that the manipulation of the virtual objects doesn’t make sense.

Therefore, most of the experiments were tested on test bed B.
6.2.2 Test Bed B

In this test bed the wearable computer was replaced with a workstation with the same
settings as the other workstations, with the exception that it was equipped with a

video camera (figure 6-5).

Workstation 1 Workstation N

Server Workstaticn (Wearable Computer)

Figure 6-5S Test Bed B
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Running the CAR prototype for the application presented in chapter 5 with this test
bed, the view update rate varies in different configurations. As shown in table 6-2, the
view update rate for an application with video images in 160x120 pixels is higher than
the view update rate for an application with video images in 320x240 pixels. When
three clients participate in a session to do collaboration work, the view update rate is
about 14.8 frames/second for the application with the video images in size 160x120
and 10.9 frames/second for the application with the video images in size 320x240. If
the frequency of collaboration or interaction is higher, the view update rate is a little
bit lower, but it meets the minimum requirement of 10 frames/second for the real-time

AR application.

Running an CAR application
=
=
8
§ @image size: 160x120
K] ®image size: 320x240
8
he
1 Client 3 Clients 3 Clients with
frequent
interaction
Configuration

Table 6-2 Running a CAR application with different configurations

As shown in Figure 6-6, the view quality of the application with video images in size
320x240 is better than that with video images in size 160x120. However, it produces
more data and adds load to the network. Therefore, the bigger image size, the better

view quality but the lower view update rate.

88



Figure 6-6 (a) Viewer with video image in size (160x120 pixels); (b) Viewer with
video image in size (320x240 pixels).

6.3 Subjective User Evaluation

In order to evaluate the performance of the system and the effectiveness of the
functions provided to support training performance, we conducted an experimental
study in which 18 students used the training system to learn to remove a switchboard
from the ATM switch and install a chip on the switchboard. The training tasks are
described in details with some screenshots in section 5.3. We used test bed B for our
experiments and rendered the images in 320x240 pixels. During the experiments, [
moved the camera mounted on the workstation to simulate the camera mounted on a

wearable computer worn by a user who is walking around and moving his/her head.

The participants consisted of 7 females and 11 males ranging in age from 18 to 45.
Though 94.4% of the participants have 3 years or more experience in using the
computer in their work, most of them had no prior experience in collaborative
augmented reality and 72.2% had never used this software before. 22.2% of the
participants had some prior understanding of augmented reality by virtue of having
used this system previously. One of the participants is a graduate student whose
research area is in augmented reality. She used the system occasionally before the

evaluation.

Based on the tasks performed, each participant was asked to answer some questions

regarding the function effectiveness, system performance and overview of the system.
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6.3.1 Function Effectiveness

Based on the tasks performed, each participant was asked to rate the effectiveness of

the following functions.

1). Replacing the real equipment with virtual objects (VO)

2). Using a mouse to manipulate the remote virtual objects (MM)

3). Using a keyboard to manipulate the remote virtual objects (KM)

4). Using a freeze-image feature to help remote pointing and conversation (FI)
5). Using a remote pointer to direct the participants’ attention (RP)

6). Overlaying the supporting information on the real world with Augmented
Reality Technology (SAR)

The participants were asked to rate “effective”, if they thought the function completed

the requirement sufficiently and rate “ineffective” if they thought the function didn’t

complete the requirement sufficiently. If they could not make up their mind, they

were asked to rate “undecided”.

Function Effectiveness

SAR

]
;é FIE & Effective
Y S nttctve

60% 80% 100%

T

0% 20%  40%

Table 6-3 Evaluation of the function effectiveness



Table 6-3 shows that around 90% of the participants are very satisfied with the
functionalities VO, FI, RP and SAR and rate them as effective. Around 70% of the
participants think that it is effective to manipulate the remote virtual objects with a
keyboard or mouse. However, the KM is rated not so effective as MM. Only 66.7% of
the participants thought that it is effective to use a keyboard to manipulate virtual
objects and 16.7% of the participants regard it as ineffective. The reason is that when
a user manipulates a virtual object with a keyboard he/she has to operate with a
specified unit, for instance, rotates 30 degrees, moves in x axis with 30 pixels length

in the frame image, which is inflexible.

Overall, 77.8% of the participants said that the combinations of the functions
effectively help the training performance. Furthermore, 66.7% of the participants

found various functions of the system are well integrated (table 6-4).

22.20% 0% >7e0% 550%

77.80% 66.70%
(8) The combination of the functions effectively 0) Varisus functions of the
helps the training tasks in performance system are well intsgrawed

Table 6-4 Performance evaluation of the combination of various functions
6.3.2 System Performance

To evaluate the system performance, the participants were asked to exclusively select

“agree”, “‘undecided” and “disagree” to the following statement:
1). The view update rate isn’t satisfactory.
2). The software responds too slowly to input.
3). The software has at some time stopped unexpectedly.

4). The software is inconsistent.
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Inconsistent

input

The update rate e v
isn't satisfactory [ "

' ODisagree
@ Undecided
. OAgree

Slowly respond to

System Performance Evaluation

Stop unexpectedly [ .

0% 20% 40% 60% 80% 100%

Table 6-5 System performance evaluation

As shown in table 6-5. more than 61% of the participants were satisfied with the

overall performance of the system. 16.7% of the participants found that the view

update rate with 10.9 frames/seconds wasn’t satisfactory and the system responded

too slowly to inputs since the rendering of the manipulation of the virtual objects is in

the same update rate with the view. Even though an update rate of 10 frames per

second is needed for acceptable real-time performance, some participants expect a

higher update rate.

6.3.3 Overview to the System

No | Questions Agree | Undecided | Disagree

| The software has a very attractive presentation | 83.3% | 11.1% 5.6%

2 The instruction and prompts are helpful 66.7% | 22.2% 11.1%

3 The way that system information is presented | 88.9% | 11.1% 0
is clear and understandable

4 I need to learn a lot of things before I could get | 16.7% | 11.1% 72.2%
going with this system

5 I thought the system was easy to use 88.9% | 11.1% 0

6 Tasks can be performed in a straightforward 28% | 27.8% 0
manner using this software

7 [ would recommend this software to my 66.7% | 27.8% 5.5%
colleagues

8 I would prefer using this training system for 72.2% | 27.8% 0

the training tasks rather than using the manuals

Table 6-6 Overview to the system
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Table 6-6 shows 88.9% of the participants thought the way in which the system
information is presented is clear and understandable, and they found the system was
easy to use. 72.8% of the participants found that the tasks could be performed in a
straightforward manner using this software and they would prefer using this training
system rather than using the manuals. However, 16.7% of the participants found that
they needed to learn a lot of things before they could get going with this system, as
the MCAR technology applied was totally new to them. 11.7% of the participants
found the instruction and prompts were not helpful enough especially when the
remote participants were manipulating a virtual object. They mentioned that it would
be nice if some information about who was operating a virtual object could be
displayed on the viewer. Nevertheless, 66.7% of the participants would recommend

this software to their colleagues.

6.4 Chapter Summary

In this chapter, the evaluation of the system and the results of the experiments were
provided. First the 3D capability of the MA IV Xybernaut wearable computer was
discussed. The preliminary evaluation results show that the MA IV wearable
computer is not sufficient for augmented reality. Then the test beds of the
collaboration system were introduced. It was shown that the view update rate of the
system based on test bed B is acceptable. Finally some subjective user evaluation to
the system performance and effectiveness of the functions provided by this prototype
were presented. It seems that the participants were satisfied with the system

performance. Most of them found the functions provided were effective.
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Chapter 7. Conclusions and Future Work

The proposed existing schemes for training applications which use either Distributed
Virtual Environments or distance learning have their drawbacks. This thesis has
proposed a novel mobile collaborative augmented reality mechanism for application
in training and demonstrated it via the implementation of a prototype for ATM switch

maintenance.
7.1 Conclusions

This prototype provides training in task performance. It allows a group of trainers and
trainees, each in geographically disparate locations, to carry out a training task
collaboratively by sharing the workspace of a trainee who is equipped with a wearable
computer. In this prototype, an intuitive interface for the distributed virtual
environment (augmented reality) user, and some collaboration functions - such as
remote manipulation of the virtual objects and remote pointing - were provided. The
choice of display between “see-through” and “see-around” viewing areas, based on

users’ acceptance, was investigated.

The evaluation of the 3D capacity of a wearable computer demonstrated that this is
very important in the AR application. The result shows that a wearable computer
without 3D hardware capacity, for instance, Xybernaut Mobile IV wearable computer,

is not able to satisfy the requirements of a real-time AR application.

The evaluation of the system’s efficiency shows that with the proposed client/server
architecture the system maintains good consistency and has good extension capability.
The subjective user evaluation shows that the participants were satisfied with the
system performance, and most of them found the functions provided by the system,
including augmenting reality with supporting information, replacing the real
equipment with virtual objects, remote manipulation to the virtual objects, remote

pointing and image freezing, really help the training performance.
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7.2 Future Work

Future hardware improvements to the wearable computer, including 3D hardware,
CPU power, reduced weight and prolonged battery life, will make the wearable

computer more suitable for AR applications.

In the curmrent implementation of the prototype, all the clients participate in one
collaborative visualization session. A collaborative visualization framework ideally
should provide multiple such sessions and allow clients to participate in any such

session.

In our work, we tested the system in the local area network and did not test it in the
wide area network. Internet is popular and can be accessed by most of the people. The
ideal training system is based on the Internet but some issues have to be addressed, for
instance, the critical requirement of real-time performance of AR applications and the
limited bandwidth of Internet. Future research efforts may therefore investigate these

issues.
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Appendix A

Camera Communication

Shared AR applications must have the ability to transmit actual images or video to
other remote interfaces. To address the challenge of transmitting real-time video to all

participants, we make use of TCP, because of its reliability.

1. Sending Video to the Server

In this system a video image from the camera is encoded as a JPEG image. It is
packed with the related information and converted to a byte stream by the packing

routine and sent to the server in the following format:

0 1 2 2 +ImgSize

ShareVideoFlag | ImgSize Jpegimage

ShareVideoFlag is a flag to identify that the video images captured by the camera of
this user are shared with other participants in this session or not; | means sharing with
others, 0 means not. ImgSize is the actual size of the compressed image. Jgeglmage is

the compressed JPEG image data.
2. Reply Tracking Result to Sender

The server gets the data and unpacks it. The compressed image is decompressed and
used to track the transformation matrices of the virtual objects to the camera and
identify the visible objects. It produces the visible object IDs and transformation
matrices. Finally the following data are packed and converted to byte streams with the

collaboration packing routine, and sent to the sender:

0 I 2 16 17 31...

ViObjNumber | Objldl | Matrix1 | ObjId2 | Matrix2 | ... ObjIdN | MatrixN

The length of this message is variable. It consists of the number of the visible virtual
objects, followed by the object IDs and the translation matrices of virtual objects to

the camera. As we can see, the data type for viObjNumber and Objld is int; therefore,
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the length for each data is 1. The virtual object transformation Matrix is an array of
float, and the length of the array is 7. Therefore, a transformation matrix is converted

to 14 bytes.
3. Sending Data to the Other Clients

Since the other participants need the video image for rendering, the data packet to be
sent to the other participant in the sessions is the combination of the video image and
the virtual object transformation matrices. The data are packed and converted to a

byte stream in the following format:

0 1 I+ImgSize  2+ImgSize 3+ImgSize ...

ImgSize | Jpegimage | ViObjNumber | Objld1 | Matrixl | ... | ObjIdN | MatrixN

As we can see, the length of the message is variable.
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