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Abstract

“Mediated reality affords the EyeTap apparatus the ability to augment, diminish or otherwise

alter our perception of reality.”[1] The goal of this research is to demonstrate interactive and shared

mediated realities.

The EyeTap reality mediator is used with Bluetooth, 802.11b and IrDA wireless technologies to

implement a system that allows for the interaction between the wearer and objects in the environ-

ment. The EyeTap device can mediate reality with information such as labels and graphical user

interfaces that is transmitted over wireless networks from objects in the environment. A shared

mediated reality is demonstrated through the implementation of a system that allows for the map-

ping of an EyeTap wearer’s environment through the VideoOrbits Gyroscopic Head–Tracker. The

environment map is then transmitted to another EyeTap wearer, who, through head motion is able

to browse the remote environment as if it were their own.
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Chapter 1

Introduction

The use of computers has been integrated into daily life, especially with the prevalence of the in-

ternet. This demand for information and the necessary computer machinery to access it is demon-

strated by the widespread acceptance of personal computing devices such as cellular phones and

personal digital assistants.

These devices are limited in their features and represent an attempt to address the issues of

mobile computing. The field of wearable computing presents a different solution to the integration

of the computer and access to information. Through wearable computing and mediated reality, new

methods for interacting with the environment are created. Specifically, mediated reality involves

changing the way a user views and interacts with the world. This is done through the use of an

EyeTap reality mediator which “taps” the eye by functioning as both a camera and display. The

display is the inverse of the camera and is referred to as the “aremac” [1]. The EyeTap device

allows for the capture, transmission and display of “live” video. This video or sequence of frames

of images can be computationally processed to create a mediated reality.

The design and implementation of an EyeTap, wearable computer and wireless networks is

discussed in Chapter 3. The wireless EyeTap system is used to demonstrate active mediated reality

environments (AMRE). An AMRE system has objects that provide information and interfaces

available only through the EyeTap reality mediator as described in Chapter 4.

The ability to mathematically relate separate frames of images from a video sequence is done

through the use of the VideoOrbits algorithm. The VideoOrbits algorithm calculates the exact

projective coordinate transformation that registers successive pairs of images in a sequence. The

VideoOrbits algorithm allows for the creation of image composites, calculation of egomotion (i.e.

1



2 CHAPTER 1. INTRODUCTION

head tracking) and ad-replacement (an example of mediated reality).

For the goal of a fully mediated reality, the VideoOrbits algorithm will need to run in real–

time. Since the VideoOrbits algorithm and its implementation are used as the basis of much of the

research, increasing the speed of VideoOrbits is desirable. Through the use of existing computer

graphics hardware and the OpenGL standard, sections of the VideoOrbits algorithm were opti-

mized. This takes computer graphics hardware which is generally used for image synthesis and

instead uses it for accelerating a computer vision algorithm. This is discussed in Chapter 5.

The concept of a shared mediated reality is explored in Chapter 6. A wireless network of

wearable computer users are able to map and share their current environments. The remote user

is able to browse the environment map solely through head motions and the images generated

correspond to the perspective of the remote users head motion.



Chapter 2

Background: Mediated Reality, EyeTap

devices and Humanistic Intelligence

2.1 Virtual, Augmented, and Mediated Reality with wearable

computers and EyeTap devices

The need for information and the use of computers in accessing that information has always been

limited by the location of the computing machinery. From mainframes to personal computers and

laptops, information was only accessible while the user was interacting with the machine. The

wearable computer solves this problem by making the computing machinery available to the user

at all times. In putting the computing machinery on the person’s body, issues such as weight,

bulkiness and usability are important. But by moving away from the desktop paradigm, human

interactions with the machine have fundamentally changed.

The development of the wearable computer has been facilitated by the use of the head mounted

display (HMD) [2]. In [2] the input to the display was entirely computer genereated and this

resulted in “virtual reality”. In a virtual reality the user only sees rays of virtual light that are

generated by a computer.

HMDs with see–through displays or HMDs with video feeds from the real world have been

used to superimpose computer graphics on the real world, resulting in “augmented reality”. How-

ever, registration of the real world and the computer generated information is complex and has

involved the use of laser range finders and head trackers [3]. In an augmented reality, the user

3
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VIRtual
reality
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Virtual Reality (VR)
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‘lightspace’
glass
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(a) (b)

Figure 2.1: (a) Relationship of Virtual, Augmented and Mediated reality. (b) The relationship

between synthetic and real light in Virtual, Augmented and Mediated Realities.

views both virtual light and real light or a regenerated version of the real light.

The development of virtual and augmented realities have been done with HMDs that are con-

nected via cable to a computer. The user is able to move around in a small space but is not

completely mobile.

The use of a wearable computer with a reality mediator alters the way a person interacts with

the world. A reality mediator such as the EyeTap device allows the wearable computer user to

interact with the computer and the environment in a constant manner. There are two types of

constancy:

1. Operational constancy

2. Interactional constancy

This is in contrast to handheld video recorders, personal digital assistants and laptops. The

handheld video recorder needs to be turned on and as such lacks operational constancy. Even

if it were to be left on, it lacks interactional constancy because it takes time to actually use the
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(a) (b)

Figure 2.2: (a) Examples of various different kinds of EyeTap devices. (b) Close up of an EyeTap

device. Notice how the right eye is tapped at the center of projection and appears to be replaced

by the camera.

viewfinder and start recording. If it were to be held up to the eye all the time then it would have

interactional constancy which implies operational constancy.

The EyeTap device, however, embodies operational and interactional constancy. It consists of

three main parts:

1. A digital camera that measures and digitizes the incoming rays of light

2. A digital system to process this digitized stream of information

3. An output device that converts a stream of numbers into rays of light

The system for processing the information is generally a wearable computer (WearComp).

The system as described, allows for incoming rays of light to be digitized and then regenerated

collinearly. This device, when placed at the center of projection of the eye, allows for the “tapping”

of the incoming rays of light.

When the system includes a wearable computer to process the stream of information, the com-

puter can add, remove, or otherwise modify the images before they are presented to the user. This

results in a computer mediated reality. It is emphasized that the real world can either be augmented

with computer generated information, or real world objects can be replaced and dimished by com-

puter generated information. This is in contrast to augmented reality in which computer generated



6 CHAPTER 2. BACKGROUND

information can only be added to the scene, but the occlusion or removal of real world information

is not done due to the inability to completely block out the real source except in certain special

cases[3].

If the incoming stream of data is not processed, then upon the regeneration of the light, the im-

age is not changed in anyway, barring of course, technical limitations of the implemented EyeTap

device (e.g. monochrome display).

Tapping the highest bandwidth signal source of the wearer with an EyeTap and computationally

processing this information creates a “mediated reality”.

2.2 Humanistic Intelligence

Humanistic Intelligence is the result of the introduction of the human into the computational feed-

back loop. Through the “operational constancy” of the wearable computer and the “interactional

constancy” afforded through the reality mediator, this humanistic intelligence is developed. The

computer runs in a supporting role by performing continuous tasks such as monitoring sensors or

processing video, while the human provides the “intelligence”; the decision making ability which

is complicated and difficult to reproduce in a machine.

The prevalence of microcontrollers and wireless devices have promoted the concept of “ubiq-

uitous computing” or “smart rooms”. These are environments in which there are many sensors

(e.g. cameras, speakers, motion detectors, etc) and a central system that attempts to predict what

the user is doing in order to assist the user. The reality is that it is quite difficult to understand

what a user’s true intentions are. For instance, the intelligent lights in a room which are activated

by motion sensors turn off when the user is actively doing work in their office because they are no

longer moving about.

However, the inverse of that system would make the controls to the environment available to

the wearable computer user. In fact it would replace the “smart” aspect of the system with the users

“humanistic intelligence” and through the wearable computer provide the method for controlling

the environment; in effect, replacing artificial intelligence with humanistic intelligence. For ex-

ample, the user, through configuring the wearable computer, could make known their preferences

for lighting, volume and temperature and the wearable computer would adjust the environment as

needed. This would take into account individual preference, which a smart room would have a
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difficult time determining, barring sophisticated facial recognition or the use of tags with unique

identifiers.

The difference is in who actually has control over the room. A person in a “smart room”

is controlled by someone somewhere else or by no one at all; the person is at the mercy of the

machine. A person who can control a room by interacting with it, is in charge of the decision

making and the room is just responding to the persons commands.

The computer is in a supporting role, one in which it assists the wearer in completing day to

day activities (refer to Figure 2.3). Humanistic intelligence is important in the motivation it gives

for the implementation of the research in Chapters 4 and 6.

The author has used the wearable computer to present a list of wireless devices that are view-

able through the EyeTap. This is a filtered version of the available devices in the room defining the

context of what is interesting as those devices that are currently viewable. This context is necessary

because there are many devices to interact with and it could result in an overload of information.

Of course, the system could be extended to present a listing of all devices in a familiar environ-

ment. This allows the wearer to use devices that are not currently viewable but of interest. The

computer is functioning in a supporting role to enhance the user’s primary task of interacting with

the environment.
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Computer
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Computer
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Computer

Output
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Input Output
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Figure 2.3: The three basic operational modes of WearComp. (a) Signal flow paths for a computer

system that runs continuously, constantly attentive to the user’s input, and constantly providing

information to the user. Over time, constancy leads to a symbiosis in which the user and computer

become part of each other’s feedback loops. (b) Signal flow path for augmented intelligence and

augmented reality. Interaction with the computer is secondary to another primary activity, such

as walking, attending a meeting, or perhaps doing something that requires full hand–to eye co-

ordination, like running down stairs or playing volleyball. Because the other primary activity is

often one that requires the human to be attentive to the environment as well as unencumbered,

the computer must be able to operate in the background to augment the primary experience, for

example, by providing a map of a building interior, or providing other information, through the use

of computer graphics overlays superimposed on top of the real world. (c) The wearable computer

can be used like clothing, to encapsulate the user and function as a protective shell, whether to

protect us from cold, protect us from physical attack (as traditionally facilitated by armour), or

to provide privacy (by concealing personal information and personal attributes from others). In

terms of signal flow, this encapsulation facilitates the possible mediation of incoming information

to permit solitude, and the possible mediation of outgoing information to permit privacy. It is not

so much the absolute blocking of these information channels that is important; it is the fact that

the wearer can control to what extent, and when, these channels are blocked, modified, attenuated,

or amplified, in various degrees, that makes wearable computing much more empowering to the

user than other similar forms of portable computing. (d) An equivalent depiction of encapsulation

(mediation) redrawn to depict the interaction between user and computer, where the encapsulation

is understood to comprise a separate protective shell. This diagram is from[1].



Chapter 3

Implementing an EyeTap and WearComp

for a mediated reality system

“The terms systems design, systems engineering, and systems design engineering all

refer to the same intellectual process of being able to define and model complex inter-

actions among many components that comprise a natural system (such as an ecosystem

and human settlement) or artificial system (such as a spacecraft or intelligent robot),

and being able to implement the system with proper and effective use of available

resources.”[4]

The implementation of an EyeTap reality mediator comprising of an EyeTap device, wearable

computer (WearComp) and wireless networking technologies forms the basis of the system that is

used in the research presented in Chapters 4 and 6.

3.1 EyeTap and WearComp

The EyeTap device consists of a camera and an aremac separated by a diverter. The diverter

functions by diverting inbound light into the camera so that it may be computationally processed

and then resynthesized by the aremac, this is illustrated in Figure 3.1 (a). The diverter effectively

places the center of projection of the camera at the center of projection of the eye, the eyetap point.

The aremac is a computer controlled light synthesizer that is used to draw on the user’s retina.

The author’s right EyeTap (Figure 3.1 (b)) uses a fully opaque double–sided mirror which

9
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RIGHTMOST
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d
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Figure 3.1: (a) Schematic drawing of an EyeTap device. The center of projection of the eye and

the camera are equidistant from the diverter, this distance “d”, is called the eyetap distance.

(b) The authors EyeTap device.

allows the computer to augment and/or diminish portions of the image before presenting it to the

user. This is in contrast to a partially silvered mirror which allows for an augmented reality but not

a diminished reality except in special cases where the virtual light is much brighter then light from

the real world. The aremac is a 640x480, green monochrome Kopin microdisplay from an early

generation Xybernaut.

The camera used is an IEEE1394 progressive scan digital camera by ADS Technologies. A

IEEE1394 camera was chosen based on the following information:

Available on WearComp Cameras Available Capture Ability

USB Yes Yes, low quality. 320x240, 8 fps

IEEE1394 Yes Yes, low-high quality. 640x480, 30 fps

FRAME GRABBER No Yes, low-high quality. 640x480, 30fps

Table 3.1: Comparison of USB, IEEE1394 and PCI Frame Grabber for image capture.

USB is a 12 Mbps low-speed bus that is physically unable to handle uncompressed data at the

sizes and frame rates desired. Frame grabbers are PCI expansion cards, that allow general purpose

computers to do NTSC/PAL/SECAM video capture. Due to the fact that they are expansion cards

they are not useful in compact wearable computer systems. The author’s work with IEEE 1394 is

explained in Section 3.2.1.
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The WearComp is a Sony Vaio Z505LS with a 750 MHz Pentium Pro PIII processor, 128 MB

of RAM, 20 GB harddrive, IEEE1394, USB, IrDA, and PCMCIA.

3.2 GNU/Linux

The wearable computer system uses the GNU/Linux operating system. This choice was made

based on the availability of source code and the ability to do research in a manner that would

not be restricted by an end user license agreement (EULA). The source code allows for the rapid

understanding of complex operating system and programmatic concepts and eases the development

of programs that are necessary in the adaptation of a general purpose operating system into a

mediated reality wearable computing system.

3.2.1 IEEE 1394

IEEE1394 is a high speed serial bus (up to 400 Mbps). It is designed to be a high-speed and low

cost method of connecting computer peripherals and other electronic devices. There are many

digital cameras that are able to capture progressive scan images in a variety of formats and frame

rates. They are typically of much higher quality than similarly priced USB cameras and are simpler

to integrate into a computer system then frame grabbers. It was for these reasons that the author

explored the use of IEEE 1394 digital cameras in the EyeTap device.

The author was involved in the testing and debugging of IEEE 1394 development in the

GNU/Linux operating system. The author also was involved in the testing and debugging of “Co-

riander” [5] the first program to use IEEE 1394 digital cameras in GNU/Linux.

3.2.2 Wireless networking: Bluetooth, 802.11b, IrDA

The use of wireless networking allows the wearable computer to transmit information and interact

with other devices. The following wireless networking technologies were explored based on the

fact that they were readily available and in common use. Wireless technologies such as packet

radio were not examined due to the need for an “Amateur Radio Operator Certificate with Basic

Qualification”. The motivation is the use and exploration of technologies that are available to

the general public. These wireless technologies are an integral part of the systems presented in
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Chapters 4 and 6.

Bluetooth

Bluetooth is a low power spread spectrum frequency hopping wireless technology in the unlicensed

2.4 gigahertz range. It is currently designed to operate at data transfer rates of up to 721 Kbps in

half duplex with a range of 10 meters. The current implementation of the Bluetooth driver for

GNU/Linux, BlueZ [6] supports hardware such as the Ericsson ROK 101 007 Application and

Training Tool Kit and the Xircom CreditCard Bluetooth Adapter which were used to connect

wearable computers.

The connections used the point-to-point protocol (PPP) to establish internet protocol (IP) con-

nections that run over the serial link that Bluetooth provides. A separate PPP connection is needed

for each wearable computer in the network. This results in increasing complexity of the network

as it grows.

The Bluetooth connections can be used for connecting together wearable computers, but the

short range is a hindrance in day–to–day use. Bluetooth is designed for linking together several

simpler devices to a wearable computer in a personal area network (PAN). This would be useful in

eliminating the wires that connect sensors, keyboards and headphones to the computer, although

they would not be able to replace the cable connections for video capture or display due to the

insufficient bandwidth. Replacement of the wires to the camera and display would make the Eye-

Tap device less obtrusive. The EyeTap device is situated on the head and wires at this location

negatively impact social interaction.

The short range and low bandwidth were factors against the daily use of Bluetooth technology

for the wearable computers in the lab.

IEEE 802.11b

IEEE 802.11b is a direct-sequence spread spectrum wireless technology in the unlicensed 2.4

gigahertz range. It is a newer technology compared to IEEE 802.11 which operates at a maximum

of 2 Mbps. IEEE 802.11b operates at speeds of up to 11 Mbps and will fall back to 5.5 Mbps, 2

Mbps and 1 Mbps depending on signal strength. The range of IEEE 802.11b is approximately 305

metres in open areas and approximately 76-122 metres in closed spaces.

The drivers for the Linksys WUSB ver 2.5 Wireless USB Network Adapter in GNU/Linux
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A

B C

INTERNET

AP

Figure 3.2: 802.11b infrastructure network. If any of the users A, B or C want to communicate

with each other they must do so through the AP.

A

B C

INTERNET

D

Figure 3.3: 802.11b ad–hoc network. D is a computer which has a wireless and a wired connection.

A, B, C and D can communicate directly with each other. A, B, and C can make a connection to

the internet through D.

A

B C

INTERNET

D

Figure 3.4: 802.11b ad-hoc network with no connection to a wired network. A, B, C and D can

communicate directly with each other. There is no connection to the internet in this configuration.
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typically allowed for data rates of 250 KBps (2 Mbps). Typically, IEEE 802.11b networks are

designed with access points which bridge the wired ethernet networks with the wireless network.

These access points have firmware which use dynamic host configuration protocol (DHCP) for

automatically assigning IP addresses to the wireless network cards. The 802.11b network cards

are then required to operate in infrastructure mode (see Figure 3.2). The University of Toronto

Campus Wireless Network (UTORcwn) is an example of this. The author used the GNU/Linux

operating system to connect to UTORcwn and made this information available to the University of

Toronto Computing and Network Services. This will help others connect to the UTORcwn using

GNU/Linux.

The preferred design of a network of wearable computers is that of a peer-to-peer topology. In

order to accomplish this, the cards are used in ad-hoc mode and, with the use of network adress

translation (NAT) and a DHCP server a wireless router (“AP”) was created (refer to Figure 3.3).

The main difference between an AP and a router such as the one created, is the ability to use

multiple APs to cover a larger area and to automate hand-off of users from one AP to another. It

should be noted that APs that are commonly available for the home and home office are not capable

of this multiple coverage and hand-off, APs with these capabilities tend to cost substantially more.

This was the type of network created in the laboratory and used daily by the wearable comput-

ers. In the operation of a peer-to-peer network, the cards are useful even without a router due to the

fact that the cards can communicate directly with each other. This allows the wearable computers

to constantly interact with each other even though there is no AP such as off the university campus.

This is illustrated in Figure 3.4.

IrDA: Infrared Data Association

IrDA is a wireless technology which works by using infrared light, and it works only when the

two devices have a clear line of sight. The line of sight issue can be seen as a feature as well as

a drawback. It means that for communications to happen, the devices must be able to “see” each

other but at the same time this allows the system to infer that the device is present.

IrDA operates at a range of speeds, serial infrared (SIR) operates at 115Kbps and fast infrared

(FIR) operates at 4Mbps. The range on the SIR link is approximately 1-2m as determined experi-

mentally.

An IrDA transceiver is usually built into most wearable computers, but they tend to be on
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Figure 3.5: An IrDA transceiver designed and built by the author.

the body of the machine. Ideally the IrDA transceiver would be placed on the EyeTap so that

interaction with devices by “looking” is possible. To achieve this one might use a commercially

available IrDA transceiver, that use serial or USB connectors. Unfortunately they are bulky and

tend to be on short cables. This motivated the author to design and prototype a custom IrDA

transceiver.

The IrDA transceiver was constructed from a Microchip MCP2120 IrDA encoder decoder chip,

MAX232 line driver/receiver, Vishay Telefunken TFDS4500 transceiver and other assorted parts.

The schematic and instructions on building the device are available at [7] and is based on a ref-

erence design in [8]. The transceiver connects to the wearable computer through a serial cable

allowing placement as desired.

This newly built IrDA transceiver did not have an existing Linux kernel driver. A kernel driver

is a program that interacts with or controls the hardware and provides a certain set of interfaces

to higher level processes in the kernel. Driver programming requires a complete understanding of

the hardware that is being controlled (e.g. issues of timing, transfer rates, registers) as well as a

thorough understanding of the programmatic interface that is being provided to the kernel and other

higher level programs. The author wrote a kernel driver that fit into the existing IrDA infrastructure

in the Linux kernel. This driver is now part of the official Linux kernel and is available under the

GNU general public license (GPL).
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The IrDA transceiver is also controllable by microcontrollers such as the PIC16F877. This

allows for the creation of simple and small devices that can use the IrDA technology to wirelessly

transfer information.

3.3 xcaplive: a reality processing program

xcaplive is the program that does the reality mediation processing on the wearable computer.

It captures video through the EyeTap camera and displays it through the EyeTap aremac. It is

designed for use through a simple keyboard interface and is able to manipulate the frames of

incoming video.

The EyeTap devices are custom made prototypes and as such have a variety of configurations

of cameras and aremacs. The cameras and aremacs might be rotated 90◦ or 180◦ due to design

constraints during the construction of the device. Therefore, xcaplive is able to take the incoming

images and apply a range of transformations such as: rotations of 90◦ and 180◦ and flips about the

x and y axes.

It is also able to record images as they are processed and to transmit them wirelessly. The

“live” wireless transmissions of the images allows remote users to view what the user is currently

observing. Also, a visual history of the images is available through an internet interface. An

example of this is “Seeing Eye People” [9]. Headtracking, gyroscopic headtracking and virtual

labels have also been implemented in xcaplive though these options require specific hardware to

run.

Through working with IEEE 1394 (refer to section 3.2.1), xcaplive was reprogrammed to

use IEEE 1394 digital cameras. The reprogramming of xcaplive incorporated a complete re-

structuring of the design. Using established software engineering principles in [10] xcaplive was

redesigned to incorporate the bridge and proxy patterns [11] as well as a source-sink approach to

allow for generic inputs and outputs. This allowed for the ease of integration of multiple input

sources (e.g. multiple cameras) and multiple output sinks (e.g. live transmission, saving to hard-

disk) simultaneously. Multiple input sources allow for the use of stereo computer mediated reality

[1].
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IEEE1394
CAMERA

IEEE1394
CAMERA

USB
CAMERA

SOURCES SINKS

LIVE 
TRANS.

SAVE
TO FILE

PROCESS
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EXT.
DISPLAY

EYETAP
DEVICE

Figure 3.6: xcaplive handles sources generically and processes them by applying various filters

such as rotations, flips, colour space transformations, head-tracking, etc. Finally, the processed

image is then handled by a generic sink which is able to output the image as desired. The source

and sink may also be to and from the same device as demonstrated by the EyeTap.
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Chapter 4

AMRE: Active Mediated Reality

Environments

4.1 Mediated reality and interacting with the world.

The ubiquitous computing paradigm is described in [12], involves a “smart” aspect which is defined

as the many computers and microcontrollers embedded in the room or devices in the environment.

The systems typically function through the use of a beacon which will identify users or objects

of interest. This beacon element is typically passive. For the smart room to function, all the sensors

have to be networked and linked together to a central system. This system will then process all the

inputs and respond. An example is that of heating and lighting; when there is a person in the room,

then the program will turn on the lights otherwise they will be turned off to save electricty.

[13] and [14] are examples of a passive beacon with a unique identifier. The identifier is used

to both uniquely identify the user and provide access control. This data is broadcast to the system

and the allowed actions will be presented or actualized (e.g. ,the locked door will open, music

will play). The devices have also been extended to allow for tracking of the user in an office

environment.

What if we were to consider the inverse of the system presented? If the beacons or passive

elements were distributed about the room (e.g. ,in the light switches, heating and cooling controls)

and the wearable computing user carried the “smart” element (i.e. the WearComp), then the control

of the system could be based on the user. There would be no need to network the building or have a

19



20 CHAPTER 4. AMRE: ACTIVE MEDIATED REALITY ENVIRONMENTS

central system collecting all the data from the sensors and trying to predict what the user is doing.

Instead, the user could interact through the wearable computer with the environment, turning on

the lights when the user enters a room and turning off the lights when he/she exits. This puts the

system of control on the user in the form of a wearable computer. If the user wished to allow

his/her presence to be known, he/she could connect with other users nearby and transmit his/her

location.

This is an investigation of work by [15] which is an example of this inverse system. The objects

and rooms are embedded with infrared beacons and the receiver or “smart” element is embedded

into the user’s EyeTap and WearComp.

4.2 Active Mediated Reality Environments

This chapter presents AMRE, a system for the location of, and interaction with, wireless objects

through an EyeTap mediated reality environment. In environments containing multiple wireless

devices that can be used, there exists the problem of locating and selecting specific devices. AMRE

functions by reducing the amount of available wireless devices that are presented to the user only to

those currently in the user’s mediated field of view. This is done through the use of a combination

of line of sight and non line of sight wireless technologies. Using the wireless technologies to

transmit data and control information, the EyeTap device is able to display information such as

labels and graphical user interfaces as specified by the remote device. This allows for interaction

with the wireless device of interest through the user’s mediated view.

An environment that is densely populated with wireless devices can become confusing and

difficult to navigate and use. One can be presented with an assortment of devices, without knowing

the location of those devices in the physical environment.

AMRE works with the user to filter out the relevant wireless devices from those in the back-

ground. Relevance is defined as those wireless devices that are viewable through the EyeTap. This

uses the humanistic intelligence to dictate that the interesting objects are the ones in the current

field of view. AMRE wirelessly locates such devices and provides labels for them through the

EyeTap reality mediator, enabling the user to easily select a specific device out of all the avail-

able wireless devices around them. The device, once discovered and identified, is able to be used

through a wireless technology. Information such as a computer generated label or graphical user
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Figure 4.1: Laptop viewed and identified through IrDA. The text “DebianLaptop” is the computer

generated text that is shown in the EyeTap.

interface is made available.

4.2.1 Implementation

System Overview

AMRE consists of three parts: initial discovery, visual identification, and interaction.

1. Discovery is an ongoing process that recognizes when a device comes into view of a user’s

EyeTap. The placement of the IrDA transceiver is used to determine what devices are in

EyeTap view and are considered relevant to the user. It was placed directly on the EyeTap in

order to achieve this and provides the context of what is currently of interest to the user. The

IrDA protocol handles the discovery of other IrDA compliant devices automatically.

2. Visual identification makes use of the information from the discovery process. This informa-

tion is transmitted from the device and is used to generate a label and provide the necessary

information to identify what remote devices are currently available to the user. The wearable

computer performs this operation continually and presents the located devices to the user
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Figure 4.2: The view through the EyeTap composed of an xcaplive display and a remote GUI

window connected to the Laptop.

through the EyeTap in the form of text labels in the display as requested. At this point the

system has enough information to begin interacting with the device as illustrated in Figures

4.1 and 4.2.

3. Interaction with the device is controlled by the EyeTap user through the wearable computer

and all information presented is transferred from the remote device as illustrated in Figure

4.2. This information is transmitted from the device of interest and does not need to be stored

in the wearable computer or retrieved through an external network. It can use the IrDA link

or a high speed non line of sight wireless communications hardware such as Bluetooth or

802.11b.

With the use of Bluetooth or 802.11b, interaction with the device can continue through a high

speed link that is non line of sight. This allows for interaction from a considerable distance away.

This also allows for the use of the device even when one is not able to “see” it, this is desirable in

familiar environments such as the home or office; a user will know what device names correspond

to which devices. Through the use of the wearable computer, these names can be made defaults

and if not available other devices can be searched out.
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(a) (b)

Figure 4.3: (a) The projectively transformed image that is used to mediate the scene. (b) A reality

user interface (RUI): the ideal way to incorporate the GUI into the existing environment for a true

mediated reality.

4.3 Mediated Reality

Ideally, to have an operationally constant interaction with the world the GUI window would be

placed into the image stream as illustrated in Figure 4.3. The result is a reality user interface [1].

In this case the world is dimished because there is the removal of information and at the same

time it is augmented through the addition of computer generated information, in effect creating a

mediated reality [16]. The difficulty lies in the placement of the window as this information must

be known a-priori.

4.4 Summary

The AMRE system allows for the presentation of textual labels or graphical user interfaces from

wireless devices that are in the user’s view. This is accomplished through the use of an EyeTap

reality mediator and the use of humanistic intelligence.
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Chapter 5

Creating Mediated Reality with Hardware

Accelerated Image Registration

Many current graphics chipsets incorporate hardware specifically designed to achieve fast real–

time rendering of texture mapped polygons as well as hardware designed for filtering and pixel

interpolation to create accurate texture maps. In particular, graphics chipsets are tuned to create

perspective projections of planar surfaces. Therefore by texture mapping the image to a planar

surface and then applying the desired projection, the image will be projected by the computer

graphics hardware. This will be shown to be faster then doing the projections in software.

In this way, the computer graphics hardware, which is usually used for image synthesis, is

instead being used for the purpose of accelerating a computer vision algorithm (image analysis)

and in the construction of a shared mediated reality.1

5.1 Background

5.1.1 VideoOrbits and Projective Flow

Motion is information that is available in a time varying sequence of images. This motion can be

caused by movement in the scene, in the case of a static camera, or by the movement of the camera

itself (i.e. egomotion).

1This work has also been presented in [17].

25
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It is understood that the image of the scene is a projection of the 3D world onto a 2D surface.

As the object traverses through the scene it will project onto different parts of the image. Thus

the vector that connects these 2 locations on the image in relation to the vector that represents the

motion of the actual object can be defined as the motion field.

“Optical flow is the distribution of apparent velocities of movement of brightness patterns in

an image” [18]. Optical flow is not the same as the motion field. For example, when a white disc is

spinning on a white background, the optical flow is zero but motion field is not. In most cases the

optical flow is equivalent to the motion field. We make the assumption that the optical flow that

can be calculated will be representative of the motion field. In fact, we will be assuming a gradient

(i.e. image brightness) based approach to calculating optical flow. The gradient based method uses

spatial-temporal partial derivatives to estimate the optical flow.

Assuming, that the brightness of the image does not change, E(x, t), this would also require

that shadows and illuminations are not changing and that the object does not deform greatly as it

travels through the scene:

E(x, t) = E(x + ∆x, t + ∆) (5.1)

Therefore each point in frame t is a translated version of the point in frame t + ∆t, and ∆x,

and ∆t are in the ration uf = ∆x/∆t and this is the translational flow velocity at that point. In

the case of a single motion of the camera and no independently moving objects in the scene, uf

is constant across the scene. Expanding equation 5.1 in a Taylor series and dropping higher order

terms, we get the brightness constancy constraint equation (BCCE):

uf
TEx + Et ≈ 0 (5.2)

where Ex = dE(x, t)/dx is the spatial derivative and Et = dE(x, t)/dt is the temporal deriva-

tive. VideoOrbits is a direct featureless method for estimating the “exact” projective coordinate

transform that registers pairs of images [19]. A projective coordinate transform exactly describes

the motion in two cases of static scenes: (1) images taken from the same location of a 3D scene

with a camera that is free to pan, tilt or rotate about its optical axis and (2) images of a flat scene

taken from arbitrary locations.

A common assumption in optical flow for computer vision is that the coordinate transform

between frames is affine. Although an affine model will account for rotation about the optical axis
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of the camera, zoom of the camera, and pure shear, the affine model cannot capture pan and tilt

and cannot therefore show the “keystoning” and “chirping”. However, the 8 parameter projective

model gives the desired 8 parameters that exactly account for all possible zero-parallax camera

motions including keystoning and chirping.

When the change from one image to another is small, optical flow may be used. When min-

imizing the error of the Horn and Schunk brightness constancy constraint equation the model for

the flow is projective. Where the projective coordinate transform (PCT) is defined as,

x′ =

[

x′

y′

]

=
A[x, y]T + b

cT [x, y]T + 1
=

Ax + b

cTx + 1
. (5.3)

This is solved by substituting,

um = x′
− x =

ax + b

cx + 1
− x (5.4)

into equation 5.5. However, there will be a discrepency between the projective model velocity

um and the actual flow velocity uf due to the violations of the optical flow constraints (e.g. par-

allax, shadow movement, noise from CCD sensors). Therefore we apply the technique of linear

regression and solve for a best least-squares fit by minimizing,

ε =
∑

(

(
Ax + b

cTx + 1
− x)TEx + Et

)2

(5.5)

where Ex and Et are the spatial and temporal derivatives.

Minimizing (5.5) is simplified by weighting by (cx + 1), giving:

εw =
∑

(

(Ax + b − (cTx + 1)x)TEx + (cTx + 1)Et

)2
(5.6)

where εw denotes the weighted error.

To solve for the minimum, we differentiate with respect to the free parameters A,b, and c, and

set the result to zero to give a linear solution:

(

∑

φφT
)

[a11, a12, b1, a21, a22, b2, c1, c2]
T (5.7)

where φT = [Ex(x, y, 1), Ey(x, y, 1), xEt − x2Ex − xyEy, yEt − xyEx − y2Ey].
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This following scheme is often used in with multi-scale Gaussian pyramid in order to account

for large motions. The following steps will be run at each level several times and the resulting

projective parameters will be passed forward to the next level as the initial estimation.

(1) Estimate the eight parameters of the projective coordinate transform that relates the two

image frames, pk.

(2) Apply the projective coordinate transform pk to the appropriate image.

(3) Estimate the projective coordinate transform between the transformed imaged and the other

untransformed image, pk+1.

(4) Resample use the law of composition to accumulate the effect of the pk’s.

(5) Repeat steps 1-4 until desired accuracy is achieved or maximium number of repetitions is

reached.

5.1.2 VideoOrbits: Image Registration and Image Composites

An example of VideoOrbits image registration is illustrated in Figure 5.1. The images in Figure

5.1 (a), (c) and (e) are the individual frames of video captured by an EyeTap wearer. The images

in Figure 5.1 (b), (d) and (f) undergo a projective coordinate transform to make them appear as

viewed from the perspective of the Figure 5.1 (a). The images are registered and composited in

Figure 5.2.

5.2 Optimizing VideoOrbits

VideoOrbits is well suited for applying OpenGL video acceleration because VideoOrbits is a repet-

itive multiscale algorithm. Figure 5.3 shows the VideoOrbits algorithm. The steps of the algorithm

which can be accelerated with graphics hardware are outlined in bold. For a fully interactive me-

diated reality system the VideoOrbits algorithm needs to run real–time or at 30 frames per second.

Since, the VideoOrbits algorithm and its implementaion is the basis of the VideoOribts Head

Tracker (VOHT), and VideoOrbits Gyroscopic Head Tracker(VOGHT) , the optimization of the

VideoOrbits algorithm will result in an optimization in both the VOHT and VOGHT and the shared

mediated reality system (refer to Chapter 6).
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(a) (b)

(c) (d)

(e) (f)

Figure 5.1: (a)(c)(e): Frames of video from an EyeTap device. (b)(d)(f): Images that have under-

gone a projective coordinate transform to match the perspective of (a).
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Figure 5.2: The projectively transformed images are registered and “cemented” together into an

image composite.

5.3 Mapping Projective Coordinate Transformations

In OpenGL, the most straightforward way of applying the projective coordinate transformation

of VideoOrbits is to consider equation 5.11 to be a transformation to be applied to the projection

matrix used in OpenGL.

The operation of applying a projective coordinate transformation to an image is isomorphic

(isomorphic refers precisely to algebraic isomorphisms, as discussed in [20]) to the process of pro-

jecting a texture mapped polygon under perspective projection in OpenGL [1]. Thus, hardware ac-

celeration of VideoOrbits projective transformations can be achieved by defining an isomorphism

between the projective space of VideoOrbits and the projective space and homogeneous coordi-

nate system of OpenGL. An isomorphism φ is defined by a mapping of VideoOrbits projective

transformations G to OpenGL projection matrices M :

φ : G → M (5.8)

In the VideoOrbits algorithm, the projective coordinate transformation (PCT) is written as equation

5.3. Thus, it defines an eight parameter space. The transformation can be re-written as a R3×3
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IMAGE PAIR, g AND h
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INITIALIZE PARAMETERS TO THE IDENTITY
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             TO g
               ?
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             IS
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Figure 5.3: The VideoOrbits algorithm. The steps shown in solid dark lines have been accelerated

using graphics hardware available on common 3D accelerated computer graphics chipsets. This

figure is from [17].
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matrix:








a11 a12 b1

a21 a22 b2

c1 c2 1

















x

y

1









= Gx (5.9)

where it can be seen that the set of projective coordinate transformation forms a group acting upon

a set S of image coordinates.

Thus, what is desired is some isomorphism φ mapping the projective coordinate transformation

of VideoOrbits to a R4×4 projection matrix in OpenGL.

The desired isomorphism is given by:

φ(G) = φ

















a11 a12 b1

a21 a22 b2

c1 c2 1

















(5.10)

=













1/a22 −a21 b2 0

−a12 1/a11 b1 0

c2 c1 1 0

0 0 0 1













(5.11)

This mapping takes into account the different coordinate systems and conventions used by each

program. Equation 5.11 is used as a camera transformation matrix. Thus, it describes the transfor-

mation the camera undergoes, such that the plane will appear as required under OpenGL perspec-

tive projection.

To perform the image projection in OpenGL, the image is first loaded into the OpenGL program

as a texture map. Then the camera is positioned and the perspective projection is applied. The

resulting image is read out of the buffer and the image is stored.

5.4 Measurements of OpenGL acceleration

To determine the speed–up attained by using hardware acceleration, a program using the hardware

acceleration was compared with the software algorithm. A set of projective coordinate transfor-

mations was generated according to the equations of [21]. All programs were run on a wearable

computer with a 700 MHz Pentium–III processor, with 64 MB of RAM. The wearable computer

had an Intel i810 graphics chipset. This computer was using the GNU/Linux operating system
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Figure 5.4: Projection times for VideoOrbits software, Mesa3D (using software rendering) and

Mesa3D with DRI hardware rendering enabled. This figure is from [17].

and the direct rendering interface (DRI) which allows direct access to the graphics hardware for

programs.

Figure 5.4 shows the results of timing a single projection using three methods: 1) a program

using Mesa3D and available computer graphics hardware and DRI; 2) a program using Mesa3D,

using software algorithms; 3) a program running the equivalent VideoOrbits algorithm.

Thus, an additional program is discussed here, which uses the software implementation of

Mesa3D (actually the Mesa3D program is the same as the DRI program, with the direct rendering

turned off). The software Mesa3D was examined because it is considered to be well optimized

code for computer graphics applications. Thus, computer vision algorithms can also benefit from

the speed and optimizations used in computer graphics software. So, on machines which may not

benefit from 3D graphics acceleration, Mesa will still implement an optimized software projection,

and additionally this was examined.
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Figure 5.5: Projection times for VideoOrbits using DRI vs. the CPU given varying image sizes.

All images had identical projection parameters. This figure is from [17].

For the plot of Figure 5.4, the input image size was set, and different projection parameters

were given to the three different programs, and the time taken to project the image was recorded.

The projections used were independent rotations about each of the principle axis, with a maximum

rotation of 15 degrees about any axis. From the data, the average speedup between VideoOrbits

using DRI vs. using the CPU was 2.75×. The average speedup between VideoOrbits and the Mesa

software rendering was 1.48× and the average speedup between the Mesa software rendering and

the DRI implementation was 1.83×. This speedup verifies that our DRI implementation did indeed

use the available graphics hardware.

Figure 5.5 shows the effect of hardware acceleration on input images of different sizes. For this

figure, the projection parameters were held constant, and the input image size was varied. In all

cases, the hardware accelerated program projected the image faster than VideoOrbits. The smallest

image size was 76 × 58 and the largest input image size was 435× 331. The slope of a linear best

fit line through the plot is 2.99. Thus, for this range of input image sizes, the hardware speedup

was 2.99×.

Figure 5.6 shows the effect of different projection parameters on the speed of the projection.
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Figure 5.6: Projection times for VideoOrbits programs, one using DRI and the other the CPU. The

algorithm was given a fixed input image and the projection parameters were varied (resulting in

larger output images). This figure is from [17].
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For this plot, the input image was held constant, but the projection parameters were varied. The

larger projection times shown correspond with increasing numbers of output pixels of the resulting

image. Thus, this plot is measuring the effects of increased amounts of pixel interpolation, since

large output images required more pixel interpolation since there were more output pixels. The

slope of this graph was 4.07. Slope here may be interpreted as how well each of the programs

using DRI and the CPU dealt with more interpolation being required. Thus, the hardware was able

to handle increased amounts of interpolation 4.07× faster than the VideoOrbits software.

5.5 Summary

It was demonstrated that current graphics hardware, which is designed to achieve fast real–time

rendering of texture mapped polygons, can be used to accelerate the VideoOrbits algorithm. This

was done by mapping the projective coordinate transformation into an equivalent perspective pro-

jective camera view. This caused the image transformation to occur in hardware rather then in

software causing a 2.75x speed–up. This is a first step in the use of computer graphics hardware

to allow for real–time (30 frames per second) execution of the VideoOrbits algorithm on wearable

computers.



Chapter 6

Seeing Eye to Eye: a shared mediated

reality using EyeTap devices and the

VideoOrbits Gyroscopic Head Tracker

This chapter presents a system which allows wearable computer users to share their views of their

current environments with each other. The system uses an EyeTap: a device which allows the eye

of the wearer to function both as a camera and a display. A wearer, by looking around his/her envi-

ronment, “paints” or “builds” an environment map composed of images from the EyeTap device,

along with head–tracking information recording the orientation of each image. The head–tracking

algorithm uses a featureless image motion estimation algorithm coupled with a head mounted

gyroscope. The environment map is then transmitted to another user, who, through his/her own

head-tracking EyeTap system, browses the first user’s environment solely by head motion, seeing

the environment as though it were their own. As a result of browsing the transmitted environment

map, the viewer builds and extends his/her own environment map, and thus this is a data–producing

head–tracking system. These environment maps can then be shared reciprocally between wearers.1

1This work has also been presented in [22].
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6.1 Background

6.1.1 VOHT: Video Orbits Head Tracking

Headtracking is important in developing a useful vision driven interface. [23] surveys many types

of tracking systems for use in virtual and augmented reality systems. Many of the systems depends

on the existence of external beacons attached to the user, or the existence of special sensors in the

local environment. This limits the mobility of the head tracking system because the head motion

is confined to the area in which the sensors are setup. An alternate approach is the use of computer

vision techniques for the recovery of egomotion [24].

Therefore, a VideoOrbits head–tracker [16] is based on the recovery of egomotion, which is

the motion of the camera or head in the case of an EyeTap device. The VideoOrbits algorithm

performs head–tracking visually, based on a natural environment, and works without the need for

object recognition or external beacons. Instead it is based on algebraic projective geometry, and

a featureless means of estimating the change in spatial coordinates arising from movement of the

wearer’s head, as illustrated in Figure 6.3.

Headtrackers have a problem with drift [25]. Drift is when the head tracker measurement grad-

ually shifts. This is especially apparent when the head is kept still and is due to the accumulation

of small errors. The projective coordinate transform estimates that are made relative from frame

to frame (Pn) have errors due to violations of static scene, independently moving objects, non

rotational head motion, or the inability to correctly register frames of video.

Pcomposed =
N
∏

n=1

Pn (6.1)

where Pcomposed and Pn are expressed in matrix form:

P =

[

A b

cT 1

]

(6.2)

So, Pcomposed accumulates the error present in each Pn and is illustrated in Figure 6.1.

The main issue is that head tracking, by comparing images in a pairwise fashion, is running

an open loop system with no feedback mechanisms. A solution is the implementation of the

“reference frame” [27, 28] as illustrated in Figure 6.2. The frames of video, instead of being

compared pairwise are now each compared against a reference frame. The reference frame is
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Figure 6.2: This graph shows the effect of reference frame use on system drift. For this experiment,

the camera was held in a fixed position. This figure is from [22] and [26].

chosen to be the first frame initially and can be updated or changed when certain conditions are met

(e.g. a displacement generates an error which exceeds a threshold, which will set a new reference

frame). The reference frame also allows for some robustness in the case of an independently
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moving object. This effectively creates a closed loop system in which small errors are prevented

from accumulating.

The VOHT is able to calculate the egomotion of the head to sub-pixel accuracy [28] when

the magnitude of the motion is small. However, when the motion is large, the optical flow as-

sumptions will break down and image registration will not occur and therefore the egomotion is

unrecoverable.

6.1.2 VOGHT: Video Orbits Gyrscopic Head Tracker

The VideoOrbits algorithm is able to calculate the egomotion of the camera based on algebraic

projective geometry and projective flow [16]. Projective flow is most accurate when the motion

between images is small. The head motion of a typical user can vary between large motions (e.g.

sweeping the head from side to side) and small motions (e.g. even looking intently at a single

object will result in some motion of the head). If the motion is large enough so that there is

insufficient overlap between two adjacent frames of images, then the VideoOrbits algorithm will

be unable to calculate the projective coordinate transform that relates the two images, and recovery

of egomotion is impossible.

The use of a pair of small, low cost, vibrating element gyroscopes with the VOHT allows for

the estimation of these relatively large motions of the head [26]. The rotational motion of the head

as measured by the gyroscopes can be used as an initial estimate for the VideoOrbits algorithm.

The motion estimated by the gyroscope is converted into a projective coordinate transform through:

WRW−1 = λ

[

A b

cT 1

]

= λPg (6.3)

where W =









fx

Sx
0 Ox

Sx

0 fy

Sy

Oy

Sy

0 0 1









, (6.4)

R is the rotation matrix in Euler angles corresponding to the gyroscope rotations in the camera

coordinate system. fx and fy are the camera focal lengths , Sx and Sy are the dimensions of the

video images, (Ox, Oy) is the point of intersection of the optical axis of the camera and the sensor

array (in units of pixels), and λ is a scale factor used to normalize the last entry in the projective
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Figure 6.3: The ‘VideoOrbits’ head–tracking algorithm: The new head–tracking algorithm re-

quires no special devices installed in the environment. The camera in the Personal Imaging system

simply tracks itself based on its view of objects in the environment. The algorithm is based on

algebraic projective geometry, and provides an estimate of the true projective coordinate transfor-

mation, which, for successive image pairs is composed using the projective group [19]. Successive

pairs of images may be estimated in the neighbourhood of the identity coordinate transformation of

the group, while absolute head tracking is done using the exact group by relating the approximate

parameters q to the exact parameters p in the innermost loop of the process. This figure is from

[16].
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Figure 6.4: This graph compares the tracking ability of VideoOrbits and the gyroscope used. The

error bars represent the variance in the tracking error and are displayed as one tenth the actual size.

For this experiment, the execution time for VideoOrbits was limited to 0.3 s per frame. Under these

circumstances, we can see that if the interframe displacement is less than four degrees, the algo-

rithm converges, resulting in very small error. Beyond four degrees, convergence is not achieved,

resulting in unusable PCT estimates. While not shown, the error in the gyroscope remains fairly

constant beyond four degrees of interframe displacement. This figure is from [22] and [26].

coordinate transform matrix to one. A,b and c are the projective coordinate transform parameters

defined in Equation 5.3.

The VideoOrbits Gyroscopic Head Tracker (VOGHT) calculates the absolute camera motion

by calculating the PCT that relates the current frame to a base frame as done in the VOHT.

The gyroscope is able to convert a large rotational (i.e. head) motion into a PCT which is used

as an initial guess for the VOHT. This is done by composing a new PCT estimate (Pe) which is to

be applied to the new frame of video before estimating its PCT with respect to the reference frame.

Pe = λP−1

r PlPg, (6.5)

where Pg is the PCT estimated by the gyroscope, Pl is the PCT describing the position of the
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last frame of video and Pr is the PCT describing the position of the reference frame and λ is a scale

factor to normalize the last entry of the PCT to one.

The gyroscopes in the VOGHT system are constantly drifting (i.e. running open loop) and need

to be corrected for. However, the drift is small and can be accounted for through the use of the

VideoOrbits algorithm. This is done by comparing the PCT calculated by VideoOrbits with that

supplied by the gyroscope. If the motion of both is small then the VideoOrbits estimate is used.

When the motion is large, the mean square error returned by VideoOrbits is examined, if the error

exceeds a threshold then poor registration is assumed and the gyroscope PCT estimate is used.

The gyroscope is computationally simple and is able to provide useful information on a range

of rotational head motions. Unfortunately, it is inaccurate and is subject to constant and fluctuating

drift. When combined with the VOHT, the gyroscope and VideoOrbits algorithm complement

each other as illustrated in Figure 6.4. The VideoOrbits algorithm is able to accurately calculate

the PCT for small motions and the gyroscope can provide a useful estimate of the PCT in large

motions. The estimate is used as an initial guess for the VideoOrbits algorithm, or it can be used

to approximate a PCT in the case of pure rotational motion.
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6.2 Shared Mediated Reality

EyeTap devices have been used for the transmission of live video captured from the user’s perspec-

tive of the surrounding environment. In a previous study, EyeTap reporters accomplish wireless

Electronic News Gathering[29] that allow viewers to remotely experience events as if they were

actually present.

In contrast, the system that we now propose, similarly allows users to see through each other’s

eyes, yet without the constraint of following exactly the broadcaster’s point of view. This develop-

ment is extremely important, since exactly following another gaze of shaky EyeTap video can be

disorienting and nauseating. The way we scan our environment is very strongly tied to the physical

motion that we are currently experiencing, together with the vestibular cues. Observation of live

eye or head mounted video is generally much less stable when viewed vicariously than what we

seem to experience in reality since our perceptual system does much of the stabilization based on

our physical motions, and vestibular cues [1].
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The shared mediated reality system allows users wearing EyeTap devices to share their visual

experience. As each user looks around, they create a visual/temporal map of their surrounding

environment. By sharing this visual history, users can see through the eyes of another. They are

able to look about without being constrained to a single point of view, rather being able to generate

new projective views from the visual/temporal environment maps. In Figure 6.6, Wearer A, in

a grocery store, is building an environment map (u1, u2, u3, u4) that includes an image of milk

cartons. Wearer B is browsing wearer A’s environment map at home. The images (u1, u2, u3, u4)

are used to generate perspectively correct images that correspond to the views of (v1, v2, v3, v4)

and are displayed in the positions (v1, v2, v3, v4), replacing wearer B’s view of the chair and plant.

At the same time, wearer B is incidentally constructing an environment map of the home, which

would allow wearer A to view the chair and plant from Wearer B’s position.

People often scan their environment with quick head rotations. As a result, a large percentage

of EyeTap video can be described (with a high degree of accuracy) by a camera moving about a

fixed center of projection in a static scene. Using this simplification and applying the VideoOrbits

algorithm to projectively transform the images, images from arbitrary camera orientations can be

synthesized by forming a composite of spatially relevant neighbouring images. The vicariously

experienced environment can thus be observed from any angle, allowing the user to navigate the

virtual environment by rotating their head as if they were actually there.

6.2.1 VideoOrbits

Since the motion of a head mounted camera or EyeTap between successive frames of video can be

approximated very well by a pure rotation, a projective coordinate transformation can be used to

register a pair of overlapping images with sub–pixel accuracy [1]. Well registered images can then

be combined to create image composites of greater spatial extent. By generating this composite

image with appropriately projective coordinate transformed images and cropping the result, arbi-

trary camera orientations can be simulated as illustrated in Figures 6.7 and 6.8, therefore allowing

a user to view another’s environment without being limited to previously held viewpoints.

While this technique is exact for situations where each user views their world through pure ro-

tation, performance in the non–ideal case is improved by the extra five degrees of freedom provided

by the 8 parameter projective coordinate transform. The extended freedom allows for visually ac-

ceptable composites to be formed in many cases where the pure rotation condition has been clearly
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violated. This is especially true in outdoor urban environments where many video sequences have

dominant planar surfaces.

6.2.2 Head Tracking

In the proposed shared mediated reality system, a user may navigate another’s environment by

rotating their head to achieve a desired point of view. The user’s head motions are approximated

by pure rotations, since the shared environment map does not easily provide depth information.

The images that comprise the environment map are stored with the associated rotational position

that defines the orientation in which they were captured. This method of browsing the environment

map provides the experience of seeing through the other user’s eyes.

The proposed shared reality system requires the projective coordinate transform between im-

ages as well as rotational orientation of the camera during their capture. This information is pro-

vided by a modified version of the VOGHT.

6.2.3 VOGHT: Reference Frame Database

The VOGHT was extended to use a spherical grid of reference frames. This is necessary when the

head motion will cause the current frame of video to have no overlap with the current reference

frame. At this point the VideoOrbits algorithm will be unable to calculate the PCT that relates the

two images.

The Reference Frame Database is a spherically indexed database of reference images of the

environment that are continuously collected and updated through normal system use. Each image

in the database includes a time stamp, a 3–D rotation matrix (Rr) describing the camera orientation,

a PCT (Pr) describing its projective position with respect to the reference frame. Reference frames

are selected for use with VideoOrbits based on the current position estimate generated by the

gyroscope.

It is important to note that if large head rotations occur, it is possible for consecutive image

frames to have no overlap at all. This can prevent VideoOrbits from estimating a useful PCT in

the case where the sphere of environment images is poorly populated and no nearby reference

images exist. In this case, a new reference image will be stored with a gyro-generated PCT. New

reference images with gyroscope generated PCTs can also be created if VideoOrbits cannot find
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good registration with an existing reference frame.

Images whose associated PCTs were generated by VideoOrbits are selected in preference to

those whose positions were estimated by the gyroscope alone. More recent images are selected

in preference to older images to account for environment changes. Each time a reference frame

is used successfully, its timestamp is updated to ensure that it continues to be used instead of its

neighbours.

Reference frames are saved when the current video image is offset from the current reference

frame by a significant amount. This amount is dependent on the camera’s field of view and the

system resources of the operating platform. The sphere of reference images is mapped to a two

dimensional matrix, indexed by equal increments of azimuth and elevation. In experimentation,

two degree increments were used. The remaining entries of the matrix are marked as NULL,

as they are redundant. Searching this matrix is simple since the camera position can be directly

related the position in this matrix. If the search includes NULL entries, their nearest neighbours

(of greater azimuth and elevation) are used. It is important to note that large camera velocity at the

time of image capture can generate image blurring which negatively impacts the functioning of the

VideoOrbits algorithm. These blurred images are generally rejected due to their high MSE results.

6.3 Seeing Eye to Eye: a shared mediated reality

The requirement for the shared mediated reality system to store, retrieve and spatially register

images is satisfied by making use of the spherical reference frame database that is maintained by

the VOGHT for head tracking purposes. The reference frame images are stored along with the

rotational orientation of the camera Rr, projective parameters Pr, and indexed by integer values

(θ, φ), representing the azimuth and elevation of the camera orientation.

Sharing of the mediated reality is accomplished by transferring this reference frame database to

wearer B, who can use a second VOGHT and a browser program to synthesize views of wearer A’s

environment map from an arbitrary viewing direction. As long as the environment map contains

some reference images in the neighbourhood of the precise direction desired, the browser program

will display a correctly projected view.

Synthesis of views is performed by taking the current estimate of the rotational position (R)

of wearer B’s VOGHT and using its equivalent PCT (P ) to re–project wearer A’s reference im-
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Figure 6.7: Outdoors: three example views by wearer B of the environment map that was synthe-

sized from a single reference frame from wearer A.
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Figure 6.8: Outdoors: the environment map generated by wearer A, and the views of that map

synthesized by wearer B using multiple reference frames. This figure is from [22].
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Figure 6.9: Indoors: the environment map that wearer B generates while browsing wearer A’s

outdoor map. This figure is from [22].
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ages to wearer B’s viewpoint. In order to increase the creation speed of the synthesized view, a

bounding box is computed and only the reference images that will contribute to the final view are

re–projected. In order to minimize composition error due to user translation and independently

moving objects, the images are composed in chronological order such that the most recent images

are placed on top.

Thus the head tracking of wearer B is used to provide a perspective with which to view the

environment map generated by wearer A. As wearer B rotates his/her head, new perspectives are

supplied to the browser program, which cause the projection and synthesis of new portions of the

environment map. All these projections are relative to wearer B’s current head position, thus all

navigation is performed solely with head movement.

The computation of the bounding box can be adjusted to the available computational resources,

balancing final image quality against execution time. On a resource constrained wearable comput-

ing system, the projective coordinate transform may be applied only to the single closest and

newest image as illustrated in Figure 6.7.

The resulting image will be quite complete if the image from the map is near the desired

viewing perspective. If the image from the map is distant from the viewing perspective, then the

generated image will not be complete due to the fact that there is no information available.

If the search area is large, then multiple images from the map can be projectively transformed

and registered (see figures 6.8 and 6.9). This registered image allows for the creation of a complete

image for the desired perspective even if there is no image in the map at that exact perspective.

The images that are projected are selected by the position (θ, φ) of the VOGHT. This estimate

is used to calculate a region in which to apply the projective coordinate transform. Then using the

projected images an image composite is formed. From this composite the correct view is cropped.

A range of images is used in order to use a sufficient amount of data from which to generate the

new frame.

The gyro position of the image does not affect the calculation of the projection of the images,

it is used only to select the region the scene will be constructed from. The search size of the area

is a tunable parameter, a small parameter is useful on a resource constrained wearable computing

system. This will apply the projective coordinate transform to the closest and newest image. The

result if the image is near the view will be quite good, however if there is no image nearby then no

image composite can be generated.
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6.3.1 Demonstration

The system may be seen in action in figures 6.8 and 6.9, demonstrating results of wearer B brows-

ing an environment map created by wearer A. The first image in figure 6.8 shows the environment

map that wearer A has generated out of doors on a veranda. The bounding box indicates the portion

that wearer B is currently viewing. The first image of figure 6.9 shows the corresponding view of

B’s environment inside a laboratory, with the bounding box described by the EyeTap. The middle

images show the result of looking to the right: in figure 6.8 the view has moved to the middle of

the environment map, while in figure 6.9, we see that wearer B is simultaneously mapping out their

own environment. The final pair of images carries this process further, and also reveals how the

system handles the case of insufficient reference frames to fill a view completely: there is a nar-

row band of white at the top of the bounding box in figure 6.8 indicating an area with insufficient

information in the environment map.

6.4 Accounting for the Camera Intrinsic Parameters

The EyeTap devices are custom made prototypes and as such contain different cameras. In a

shared mediated reality, the remote environment maps will be generated by the remote EyeTap

with camera intrinsic parameters Mintrem
. The browser will have an EyeTap with camera intrinsic

parameters Mintloc
. Therefore to create the view of the remote environment through the EyeTap of

the local user, the intrinsic parameters of both cameras have to be accounted for in equation 6.6.

This allows not only the correct projective transformation but accounts for the differences in each

EyeTap’s camera intrinsic parameters.

Pview = P−1

r Mintloc
M−1

intrem
Pn, (6.6)

Mint =


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−fx 0 Ox

0 −fy Oy

0 0 1









, (6.7)

where fx, fy are the focal length and Ox, Oy is the location of the image center in pixel coordinates.
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6.5 Summary

The Eye to Eye shared mediated reality system allowed users to exchange their current environ-

ments through the EyeTap reality mediator. The views were generated and controlled through the

user’s head motion using the VOGHT. The VideoOrbits algorithm was integral in the system and

was used to calculate the projective coordinate transforms between images as well as in image

registration for the creation of image composites.

Due to the constrained computing power of the wearable computer and the limited bandwidth

of the wireless connection, it is not feasible to transmit every captured frame. Through the use of

a head tracker, the frames captured and transmitted are optimized to span the entire sphere around

the user in an efficient manner.

This was demonstrated through the use of the system between two wearable computer users,

one outdoors and one indoors. The views generated had the correct perspective and allowed each

viewer to see the other’s environment as if it were their own. This resulted in the users seeing Eye

to Eye in a projectively stabilized shared mediated reality.
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Chapter 7

Conclusion

Through the construction of an EyeTap device and wearable computer, a mediated reality sys-

tem was implemented. The understanding, use and integration of wireless technologies such as

Bluetooth, 802.11b and IrDA in GNU/Linux was done in order to create a network of wearable

computers.

The line of sight IrDA and non line of sight Bluetooth and 802.11b wireless technologies with

the use of EyeTap reality mediators allowed for the interaction between the wearable computer

user and objects in the environment. The objects mediated the reality of the EyeTap user at his/her

discretion by providing information such as labels and graphical user interfaces.

Interactions between wearers of EyeTap devices was explored in Chapter 6. This allowed the

user, by looking around his/her environment, to “paint” or ”build” an environment map composed

of images from the EyeTap device, along with head–tracking information recording the orientation

of each image. The environment map is then transmitted to another user, who, through their own

headtracking EyeTap system, browses the first user’s environment solely by head motion, seeing

the environment as though it were their own.

The VideoOrbits algorithm formed the basis of the Seeing Eye to Eye: a shared mediated

reality using EyeTap devices and the VideoOrbits Gyroscopic Head Tracker. In a desire to have

the system run faster with an ultimate goal of real-time (30 frames per second), the VideoOrbits

implementation was optimized to use modern computer graphics hardware to do computational

vision versus traditional image synthesis.

This demonstrates the feasibility of “active” and “shared” mediated reality environments that

a wearable computer user can interact with in near real-time. In the future, it would be beneficial

55
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to bring the active and shared components of the mediated reality together so that not only could

one interact with one’s environment or see another’s, the user could also interact with another

environment, through seeing that remote environment as if it were their own. Finally, to have all

of this running at real-time would allow for the constant use of such systems.
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