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Abstract

In this thesis, a simple low cost eye gaze tracking system is presented which 

employs the cross ratios method for estimating eye gazes. A complete description of 

eye image collection and processing is explained. The effects of different eye image 

resolutions were examined using synthetically created 640x480 pixel eye images. 

There was some evidence that increasing eye image resolutions from 240x180 pixels 

to 640x480 pixels did not provide large gains in accuracy. Also examined was the 

effect of head position on the implemented system. I t  was observed that a right eye 

dominant user's head located 65cm from the monitor could move 10cm to the right, 

17cm to the left, 5cm up and 5cm down and not greatly affect the accuracy of the 

eye gaze system. This movement translates to large head movements as the head 

can traverse across 63% of the monitor screen's width and 37% of the monitor 

screen's height. The limiting factor with head movement was the reliable extraction 

of eye features.

To facilitate the use of the system in non-cooperative environments, a simple 

bias compensation method is presented to eliminate a calibration routine from being 

preformed. The method reduced the average root mean square error of the 

estimated x-coordinate by 64.5 + /- 39.3 pixels (16.7 + /- 10.2mm) and the 

estimated y-coordinate by 53.1 + /- 14.7 pixels (13.7 + /-  3.8mm) on the monitor 

screen. This translates to a reduction of 28.5% +/- 17.2% for the x-coordinate and 

25.7% + /- 6.6% for the y-coordinate of the eye gaze estimate. Current system 

limitations are also discussed that detail possible future work.
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1 Introduction

1.1 Introduction to Eye Gaze Tracking and its Biomedical 

Applications

Eye gazes can provide a large amount of information about a person's attention 

and intention in everyday life. This information can be extracted and, in turn, 

utilized in different fields of research such as human-computer interaction (HCI), 

cognitive science, psycholinguistics, marketing research, and medical research. 

Because of these applications, there has been a large amount of interest in eye gaze 

tracking systems.

There are a number of potential biomedical applications for eye gaze systems 

which include: communication systems for people with high level physical disabilities 

or (loss of) muscle control [1 ], diagnosis and measurement of strabismus (also 

known as "lazy eye") in patients [2 ][3 ], and clinical user interface designs such as 

radiologist workstations [4] and control of endoscopic cameras [5].

A variety of different techniques, intrusive and non-intrusive, exist for 

estimating an individual's eye gaze. There are a wide range of hardware costs with 

differing levels of achievable accuracy and precision. Traditional intrusive techniques 

include equipment such as special contact lenses, electrodes with data acquisition 

systems, and head mounted devices, all of which provide accurate results even with 

user head movements. However, with the advancement of camera technology and 

computing power, non-intrusive vision-based techniques have evolved to allow user 

head movements while maintaining a level of accuracy.

The majority of commercial eye gaze tracking systems have been developed 

with human computer interaction in mind. However, these systems can be
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expensive and deter their adoption into other applications. There exists a potential 

to develop a simpler, and therefore more cost effective system that would allow it to 

be tailored to more specific biomedical environments. This could, in turn, help 

expand the use of eye gaze tracking systems in the health care field.

1.2 Thesis Objectives

The overall motivation for this research is the implementation of a simple eye 

gaze tracking system for biomedical purposes, with the underlying goals of the 

system being cost effective and quickly adaptable for all users. We decided to focus 

on a non-intrusive eye gaze estimation technique based upon the use of cross-ratios. 

The system does not require any equipment to be worn by the user, nor will it 

produce any distracting light that may be seen. In this thesis, our objectives were to 

explore the effects of eye image resolutions and head movement on the system, and 

determine a method to eliminate the use of a personal calibration process that 

requires active user participation.

1.3 Contributions

The following is a list of thesis contributions with a brief description of each.

1. Implementation of a simple, low-cost non-intrusive eye gaze tracking 

system using a single camera:

This thesis presents an implementation of a simple and low-cost non-intrusive 

eye gaze tracking system based on the cross ratios method for eye gaze 

estimation. The system is comprised of a single camera instead of the two 

cameras that are more commonly found. Eye feature extraction methods are 

presented that include a comparison of the use of a Hough transform with an 

Area of Interest operator for pupil detection. This implementation shows that
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it is a feasible alternative to more expensive commercially available eye gaze 

tracking systems.

2. Examination of the effect of eye image resolution on eye gaze 

accuracy and precision:

In this thesis, the effects of using different eye image resolutions on the eye 

gaze estimates are presented. Eye image resolutions were synthetically 

created using bicupic interpolation; however, using the eye image resolutions 

that were effectively downsampled, there was some evidence to suggest that 

increasing the eye image resolutions from 240x180 pixels to 640x480 pixels 

may not provide large gains in accuracy.

3. Examination of the effect of head position on eye gaze accuracy and 

precision:

In this thesis, the effects of different head positions on the eye gaze 

estimates are presented. It was observed that when the top bridge of the 

user's nose was located 65cm from the monitor, relatively large head 

movements, anywhere from 10cm to the right, 17cm to the left, 5cm up, and 

5cm down, when facing the monitor did not greatly affect the accuracy of the 

eye gaze estimation system. I t  was also observed that the limiting factor of 

the system when accounting for head movement was the reliable extraction 

of eye features. With larger distances from the center of the monitor, eye 

features became more difficult to extract, resulting in the estimation of eye 

features or not estimating a gaze point all together.
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4. Proposal and evaluation of a method for bias removal from eye gaze 

estimates to eliminate a personal calibration routine:

This thesis presents a method to eliminate the bias seen in the eye gaze 

estimates that would allow the eye gaze tracking system to be used without 

conducting a calibration routine. The method involved determining the 

rotation and elevation of a user's eye to account fo r the fact that the gaze line 

originated from the fovea and not the surface of the pupil. The method was 

able to reduce the average root mean square error (RMSe) of eye gaze 

estimates, but not completely eliminate the error. The bias compensation 

reduced the average RMSe of the estimated x-coordinate by 64.5 + /- 39.3 

pixels (16.7 + /- 10.2mm) and of the y-coordinate by 53.1 + /-  14.7 pixels 

(13.7 + /- 3.8mm).

1.4 Organization of Thesis

This thesis consists of seven chapters including the current one. Chapter 2 

presents a high-level review of the literature in the field of eye gaze tracking 

systems, specifically those based on feature-based approaches. Chapter 3 presents 

an overview of the system implemented, detailing the hardware setup and image 

acquisition and processing methods. In Chapter 4, the effects of eye image 

resolutions on the eye gaze estimates made using the cross-ratios method are 

discussed, while in Chapter 5, the effects of different head positions on the eye gaze 

estimates are examined. Chapter 6 presents the implementation and results of a 

bias compensation method for the system. Conclusions and recommendations for 

future work are discussed in Chapter 7.
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2 Literature Review

2.1 Introduction

This chapter provides a high-level overview of eye gaze tracking systems 

currently implemented and described in the literature. Section 2.2 describes the 

basic principles of current methods that exist for eye gaze tracking, while Section 2.3 

provides a detailed background on the theory of using cross ratios to estimate these 

eye gazes. Next, Section 2.4 looks at different methods of calibration and the limits 

they impose on users. Finally, Section 2.5 provides examples of where eye gaze 

tracking systems have been proven useful in biomedical applications.

2.2 Eye Gaze Tracking in Literature

Many different techniques currently exist for estimating eye gaze. These 

techniques have a wide range of hardware costs, accuracy, and limitations. Figure 

2-1 summarizes the most common classification of eye gaze tracking technologies. 

At the most general level, the eye tracking technologies can be categorized as either 

being an intrusive or non-intrusive system. Intrusive technologies, where part of the 

system makes physical contact with the individual, include those that use sensors for 

electrooculography, head mounted systems, and contact lenses. Non-intrusive 

technologies, where no physical contact is made, are centered around remote base 

systems that have a camera or multiple cameras fixed to a location away from the 

user. Light sources may be used to produce reflections in the eye to allow for 

extraction of eye features.
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Figure 2-1: Diagram of eye gaze tracking system im plem entations and the ir
classifications.

2.2.1 Intrusive Eye Gaze Tracking Systems

There has been much research into developing eye gaze systems that are 

considered intrusive. The three main systems are based on: 1) electrooculography, 

2) head mounted devices, and 3) contact lenses. These eye gaze systems have 

been reported to be more accurate than non-intrusive methods as there is minimal 

effect from head and body movement.

Electrooculography research has been used to develop eye gaze estimation 

systems similar to those in [7 ]-[9 ]. These systems consist of electrodes being 

placed on the skin around the eye to measure the electrical potential generated by 

eye movements. This information can be used to form x-axis and y-axis vectors,
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similar to the output of a computer mouse [7]. Head mounted systems have been 

developed mostly as a method for human computer interaction ([10 ]-[12 ]). The 

head mounted devices are video based and function similarly to remote camera 

systems. With remote camera systems, the camera is placed in a defined location, 

which allows the eye to move relative to it. However, with a head mounted system, 

the camera stays in a fixed position relative to the eye, thus eliminating any effects 

of head and body position. Contact lens based systems, initially developed by 

Robinson [13], function on the principle of electromagnetic induction. The contact 

lens is embedded with a coil (called a search coil) that induces a voltage from an 

externally driven electromagnetic field. This voltage is then measured through 

analog-to-digital converters (ADCs) to produce measurements for all three degrees 

of freedom, making the system very accurate [13]. Unfortunately, the major 

drawback with all these systems is that they can cause discomfort to the user, 

especially if the system is to be used for an extended period of time [6].

2.2.2 Non-intrusive Eye Gaze Tracking Systems

Non-intrusive methods for eye gaze tracking are frequently remote camera 

based systems that rely on characteristics and properties of the eye. This is 

generally referred to as feature-based gaze estimation as the systems are extracting 

local features of the eye such as its contours and reflections from eye images. With 

this information, two main methods exist to process the information: 1) a model- 

based approach and 2) an interpolation-based approach [14]. Model-based 

approaches [1], [6], and [15] compute gaze direction by determining the 

intersection of the direction of gaze with the target that is being focused on. 

Interpolation-based approaches instead map eye features to gaze coordinates to 

parametric forms such as polynomials [16] or into nonparametric forms such as 

neural networks [17]. Both approaches are initialized into three types of hardware
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systems for extracting eye features: 1) a system with a single camera and single 

light, 2) a system with a single camera and multiple lights, and 3) a system with 

multiple cameras and multiple lights.

2.2.2.1 Single camera and single light source systems

Early eye gaze tracking systems were composed of a single calibrated camera 

and a single light source due to its simplicity. Most interpolation-based approaches 

employ this configuration; however model-based approaches such as [18] and [19] 

have also used this configuration. To compute the eye gaze, these systems would 

capture pupil and Purkinje reflection images then use an eye model to compute the 

gaze direction. Purkinje reflections are several reflections that occur on the 

boundary between the cornea and lens of the eye [14]. These eye models consisted 

of population averages for eye size, shape, and position of the fovea. Personal 

calibration routines would also need to be conducted prior to use to obtain accurate 

eye gaze estimates. Referring to Figure 2-2, Ohnu et al. [19] describe that one 

could compute the center of cornea curvature from the Purkinje image. This, 

coupled with the center of the pupil, would be able to compute the gaze direction 

which would then be able to translate to the gaze position.

Center of cornea curvature

Center of pupil
monitor

Gaze direction

gaze
position Purkinje

image

Figure 2-2: Derivation of the gaze direction based on the  pupil center and Purkinje
image (based on [1 9 ] )
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Unfortunately, the limitation of this method was that the head could not move during 

use. This was to ensure that the difference vector between the pupil and Purkinje 

reflection remained constant as the location of the Purkinje image would change 

when the head position would change.

2.2.2.2 Single camera and multiple light source systems

Similar to the previous method, adding light sources to the setup greatly 

improved the head position invariance for eye gaze estimations. Implementations 

from [15], [18], [20], [21], [22], and [23] use a model where the cornea center is 

better estimated from two or more light sources and allow for small amounts of head 

movement. Users still need to go through a calibration routine; however, it has been 

simplified to the point where only one calibration point, sometimes none, may be 

needed to estimate certain properties of the eye. These methods sometimes still 

require a calibrated camera and have been found to be difficult to remain accurate 

when changing geometric properties of the system such as its light sources, camera, 

or monitor screen.

2.2.2.3 Multiple camera and multiple light source systems

The limitation of a single camera system is that there is a trade off between the 

amount of head movement that is tolerable and the resolution of the eye images 

captured. To allow for large amounts of head movement, the camera requires a 

large field of view, while for high resolution images of the eye, a narrower field of 

view is used to enable the camera to zoom in on the user's eye. To overcome this 

limitation, some systems such as [1] and [6 ], have employed multiple cameras 

where one camera could be used to track the head while a second camera would be 

used for close-up eye images. One of the most popular methods was proposed by 

Yoo and Chung [6], which made use of cross ratios. In their implementation, one
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camera was used to track the head in order to control a second camera, which would 

obtain a high resolution image of the eye. The first camera was not they were able 

to use the cross-ratio of the four light sources from the captured eye image to 

estimate gaze points. This will be explained in more detail in Section 2.3.

Other systems, such as [24] and [25], make use of multiple cameras as a 

stereo camera configuration to use a 3D model of the eye to estimate eye gaze. 

Based on fitting projected model features to extracted image features from the 

cameras, the visual axis can be estimated. The intersection of the visual axis onto 

the monitor screen is then calculated to produce eye gaze estimation coordinates.

2.2.3 Commercial Eye Gaze Tracking Systems

There are a number of commercially available vision-based eye gaze tracking 

systems on the market. These systems are used mainly for assistive technology; 

however, they contain integrated development environments (IDE) that can be used 

to tailor the device for any desired application on a computer platform. These 

systems range in price from $5,000 USD to $16,000 USD. The exact methods of eye 

gaze estimation of the commercial systems listed are unavailable from the 

manufacturers, but appear to be vision-based eye gaze trackers.

Table 2-1: Summary of Commercial Eye Gaze Tracking Systems

Company Model Type Cost

Mirametrix T26] S2 Eye Tracker Non-intrusive $5,000 USD
LC Technologies Inc [27] Eyegaze Edge Desktop Non-intrusive $8,700 USD
Tobii [281 Tobii C15 Non-intrusive $8,395 USD
DynaVox [29] Vmax + EyeMax Non-intrusive $8,470 USD
H.K. Eye Can Ltd. [30] VisionKey 7.3 Intrusive $6,695 USD
EyeTech Digital Systems [311 Gaze Tracker Non-intrusive $5,000 USD
Arrington Research [32] Turnkey HMD 

(B-HMZ1-U220)
Intrusive $15,998 USD
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2.3 Eye Gaze Estimation Using Cross-Ratios

Yoo and Chung [6] proposed a non-intrusive method for eye gaze estimation 

based on the reflection of light. This method involved extracting eye features from 

video images and using them to estimate eye gaze with the cross-ratio property of 

projective space.

The user's eye is modeled as a sphere with the population average diameter of 

the eye and with the cornea being a segment of this sphere with a defined radius. 

The range of head movement is assumed to not exceed 30° to either side of the 

body's center line and to be located 400 to 600mm from the monitor.

The implemented system consisted of five infrared (IR) light sources and two 

cameras attached to a computer system and monitor. Users would focus on points 

located on the monitor while the system would estimate these gaze locations. One 

of the two cameras was used to track the user's head, while the other camera was 

used to focus on the user's eye. One IR light source was mounted to each of the 

four corners of the monitor to generate four Purkinje reflections in the eye image. 

The fifth light source was mounted to the camera that focused on the eye to 

generate bright pupil images, similar to the red-eye effect in flash photography. The 

four Purkinje images would represent the reflection of the monitor while the center of 

the pupil could be extracted from the bright pupil image. The center of the pupil is 

assumed to be the projection of the eye gaze onto the monitor plane. Another 

projection takes place on the image plane when the camera captures the reflections 

in the user's eye. Using the reflections in the eye and knowing that the composition 

of the two projections previously described is another projection, we can compute 

the cross-ratio. This cross-ratio will effectively do a reverse projection of the pupil 

on the image plane into the eye gaze location on the monitor plane.

11



Figure 2-3 illustrates the concept of the cross ratios property in more detail. 

The groups of IR LEDs attached to the corners of the monitor are: L I, L2, L3, and 

L4. They produce light which creates points vt , v2, v3, and v4, respectively, through 

a virtual tangent plane before reaching the pupil. These points are translated as uvi, 

uV2, uw3, and uw4 onto the camera image plane when images of the pupil are 

captured.

Virtual 
Tangent Plane

Camera 
Image PlaneCenter 

of Cornea
Camera 

Optical Center

Figure 2-3: The relationship o f planes involved in projective space (based on [6 ] )

The center of the pupil, p, is projected onto the camera image plane as up, and 

onto the monitor plane as g, the gaze point. Since the pupil projection points are 

approximately coplanar, one can estimate g with the projective invariant, the cross 

ratio.

Yoo and Chung [6] presented a geometric derivation that simplifies the 

expressions for the cross ratio of the monitor plane and the cross ratio of the image
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plane. Referring to Figure 2-4(a), the point e is the cross-point of the line

connects point e with the vanishing point (cross point of „ vl„ v4 and ~u~~u )■ The 

point um2 is the cross point of the line Uvluy2 and the line that connects point up with 

the vanishing point. Therefore the equation for the cross-ratio of the four points on

Where: uvi = (xvi, yvi) and umi = (xml/ ymi) and (/'=1, 2, 3, 4) are the coordinates of 

each point in the image.

Similarly, the cross-ratio of the monitor plane in Figure 2-4(b) can be derived as 

follows:

Where: w  is the width of the monitor and xg is the x-coordinate of the estimated 

gaze point g.

The cross-ratios of the image plane and monitor plane are equal because the 

cross-ratio is invariant in projective space [6], This equality allows us to simplify the 

x-coordinate of the estimated gaze point as:

and line Uv2uv4. The point umi  is the cross point of the line uvluv2 and the line that

image

wCR**  imc

Xg “  1+ CRL
image

"image

(3)
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We can derive the cross-ratio equations for the y-coordinate in Equations 4 to 

6 with the same process as is shown in Equations 1 to 3.

r R , _ (^ 2 ^ 3  - x m3yv2){xm4yvJ - x v3ymA)
image /  V  \  \  /{xv2ym4 ~ x m4yv2]{xm3yv3- x v3ymi)

CR* =
h h

(5)

y *  =
hCRLte 

1+CRLge
(6)

m3
Vanishing

poinL

m4

(0,o; (w,C)

Image Plane Monitor Plane

(wji)

Vanishing
poini

Figure 2-4: (a ) Points used for the  cross ratio o f the im age plane, (b )  Points used for 
the cross ratio o f the monitor plane, (based on [6 ] )
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2.4 Calibration of Eye Gaze Tracking Systems

One of the limitations of vision based eye gaze tracking systems is that most 

require the user to perform a personal calibration. This is to compensate for any 

nonlinear displacements of the projected eye features in the image due to the 

different eye shapes of each individual. Reducing the calibration process, while 

maintaining a high level of accuracy, is one of the most sought after objectives in 

developing eye gaze tracking systems.

2.4.1 Four Point Calibration

For the eye gaze system using the cross-ratios method, Yoo and Chung [6] 

had to first estimate the image coordinates of the virtual projection points in order to 

utilize the cross ratio property since they cannot be directly observed. After 

simplification, the virtual projection point can be estimated with the following 

equation:

uvx =  uc +  cc(urx -  uc) (7 )

Where: u*x is the virtual projection point, uc is the coordinate of the pupil center, u™ 

is the coordinate of the glint from the corner of the monitor, and a is a constant 

coefficient approximately equal to 2.

To increase the accuracy of the system, a calibration process is used to 

compute the exact coefficient of a. This is done by having the user look at each of 

the light sources (LI through L4) one at a time. In theory, the virtual projection 

point of the glint should now be lined up with the center of the pupil. The coefficient 

can then be computed with the following equation:

d ( U r X ,Uc )

Where: d(up,uc) is the Euclidean distance between the image coordinates of the pupil 

center and the glint made by the LED of the camera, and d(urX,uc) is the Euclidean
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distance between the image coordinates of the glint made by the LED on the monitor 

and the glint made by the LED of the camera. This process is repeated four times to 

solve the coefficient for the four virtual projection points.

2.4.2 Single Point Calibration

It has been found that some eye gaze systems such as [33] and [34] have 

been able to reduce the number of calibration points to one. Guesterin and 

Eizenmann [33] implemented a two camera system where the cameras were 

operated as a stereo configuration. By having the user gaze at a known location, the 

horizontal and vertical angles from the optic axis and the visual axis can be solved 

and applied to eye gaze estimates for the rest of the tracking session. Villanueva 

and Cabeza [34] simplified the setup by determining that the 1-point calibration 

could be used with a single camera setup. Their method was based on a geometric 

analysis that calculated the visual and optical offset, corneal radius, and distance 

between pupil and cornea centers to improve eye gaze estimates. In both methods, 

it was found that the single calibration point was feasible, but that an increase in 

points would make the system more robust.

2.4.3 Calibration Free

Model and Eizenman [35] proposed an "automatic" calibration system where 

the user did not have to fixate their gaze on any specific calibration point for a 

determined amount of time. Instead, this method employed a stereo camera setup 

and relied on the assumption that the visual axes of both eyes would intersect on the 

monitor. This would allow the system to calculate subject specific angles between 

optical and visual axes. This assumption holds true for most people; however, it can 

fail for certain individuals, such as those with strabismus. Although a novel concept,
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the system unfortunately was prone to large, subject dependent, gaze estimation 

errors.

Other calibration free eye gaze tracking methods include [36], [37], and [38]. 

Shih et al. [36] proposed a stereo camera system that estimated the gaze direction 

based on the orientation of the eye's 3D line of sight. The method determined the 

3D position of the eye based on calibrated transformation matrices and determined 

the eye gaze by solving linear equations. Noureddin et al. [37] developed an eye 

gaze tracking system that used a wide angle and narrow angle camera. The device 

was set up so that the wide angle camera would focus on the user, while the narrow 

angle camera focused on a mirror that rotated to reflect light into the camera. The 

system would approximate the distance of the user from the camera to position the 

narrow angle camera and mirror as well as determine a scaling factor to be used in 

the eye gaze estimation. Park [38] presented a method that used three cameras 

where one of the cameras had a wide angle view to detect eye center positions. 

These positions were used to control the pan and tilt function of the other two 

cameras with narrow angle views to accurately capture magnified eye images. 

These images were then used to determine the 3D position of the eye to calculate 

the eye gaze position. In these last three methods, the user calibration procedure 

was eliminated because a 3D eye gaze vector could be determined that was made 

possible by using two or more cameras.

2.5 Biomedical Applications of Eye Gaze Tracking Systems

The most common function of an eye gaze tracking system is as a human- 

computer interface device. This interface allows for the design of applications 

tailored to any particular need. There are a number of applications in medicine that 

have utilized this technology. Most applications are for patient assistive care where 

the eye gaze tracking systems do not have to be as accurate; however, with higher
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accurate eye gaze tracking systems, they can be utilized in clinical diagnosis and 

research work.

Traditionally, in medicine, the most common application of eye gaze tracking 

systems is as an assistive device for people with high level physical disabilities or 

muscle control. The system allows an individual to interact with a computer without 

the use of traditional input devices such as a keyboard and mouse or voice 

commands. Commercial systems have been developed to help individuals who suffer 

from disabilities such as amyotrophic lateral sclerosis (ALS), cerebral palsy, and 

aphasia/stroke. These patients may have an impaired ability to speak and move so 

these systems can provide them with a tool that can output speech sounds to 

communicate with others or execute control commands for other assistive devices 

they may be using. The system can help patients control their environment, 

improving their quality of life. Commercial systems have also been designed to help 

those with neurological disorders such as developmental delay, autism, and Rett 

Syndrome. These systems can assist individuals with social integration, helping 

them develop language and other communication skills [28].

Highly accurate eye gaze tracking systems can be used in different clinical 

diagnostic tools. One application is in the diagnosis and measurement of strabismus 

in patients. Strabismus is a condition in which a patient has an ocular misalignment 

more commonly referred to as "lazy eye" or "crossed eye". An eye gaze system 

would measure the gaze in each eye in conjunction with Hess-Lancaster tests to 

measure the ocular deviation. This measurement would provide quantifiable results 

to help determine proper corrective action [2], [3]. Another application for very 

accurate eye gaze systems is the positioning control of an endoscopic camera during 

surgery. Previously, the controls of a camera position platform were performed with 

voice commands from a surgeon. Unfortunately, the limitation was the system had 

poor voice recognition and fixed step size for camera movement, sometimes causing
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the camera to overshoot a desired target. With an accurate eye gaze tracking 

system, surgeons can guide the camera to an exact region of interest based on their 

gaze point [5].

Other applications for highly accurate eye gaze trackers have come in the form 

of clinical research work. For example, in one study [4 ], researchers used an eye 

tracking system to collect data to optimize radiology workstations. Radiologists 

interpret patient images to diagnose potential problems. The task is often repetitive 

but must be done accurately, to prevent errors, and efficiently, to prevent a backlog 

of workload that delays patient care. Researchers analyzed gaze information to 

explain how a radiologist's visual attention was allocated and any eye gaze patterns 

that may have occurred during visual searches of patient images. The information 

was then used to propose an optimized ergonomic workstation setup for hospitals.

19



3 System Overview

3.1 Introduction

This chapter presents the proposed implementation of an eye gaze estimating 

system based on a property of projective space cross-ratios [6]. The system uses an 

IR camera to detect reflections of IR light in the eye. These reflections provide the 

necessary information to estimate the user's eye gaze. This chapter will describe the 

hardware and software components used in the system. Next, the process of 

acquiring images for the system is explained. Finally, the image processing 

techniques needed to determine the pupil center, the Purkinje reflections, and cross 

ratios are presented. The system implemented in this thesis work was not set up to 

run in real-time but rather to collect information and process it offline.

3.2 System Hardware Setup

The system presented herein (Figure 3-1) consists of a personal computer (PC) 

with a liquid crystal display (LCD) monitor, a Canon (Japan) VC-C50i pan-tilt-zoom 

(PTZ) IR charge-coupled device (CCD) camera with a resolution of 640x480 pixels 

and five IR light sources.

The computer system is used to control the LEDs, capture images, and process 

images offline. The computer system is an Intel Core 2 Duo 3.0Ghz system running 

Windows XP SP3. Matlab R2010a is used for offline processing of the images and 

data. A data acquisition (DAC) device (model USB-6008, National Instruments, 

Austin TX, USA) is connected to the computer via the universal serial bus (USB) to 

control the IR LEDs. A single-channel color image acquisition board (model PXI- 

1411, National Instruments, Austin TX, USA) is connected to the computer via the 

peripheral component interconnect (PCI) bus to capture images from the camera.
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L5-

Canon V 11  Camera

Nl USB DAC

Figure 3-1: Eye gaze system comprising of a Canon PTZ camera, Nation Instrum ents  
USB DAC, 5 LED light sources (L I  to L5), an LCD monitor and PC (n o t show n).

The LCD monitor is a 20" widescreen monitor (model UltraSharp2009W, Dell, 

Round Rock TX, USA) with a max resolution of 1680x1050 pixels, which is centered 

and placed 65 centimetres in front of the user's head. Dividing the resolution of the 

monitor with the dimensions of the active area of the monitor (435mm x 270mm), 

each pixel in the horizontal direction is 0.2589mm while each pixel in the vertical 

direction is 0.2571mm. The camera is positioned and centered directly in front and 

underneath the monitor.

There are five IR light sources (L I to L5, Figure 3-1). Four of the IR light 

sources (L I to L4) are made from five Fairchild Semiconductor QED223 Plastic IR 

LEDs connected together. These four light sources are attached to each of the four 

corners of the LCD monitor to produce glints (the four Purkinje reflections). The fifth 

IR light source (L5) is made from six Fairchild Semiconductor QEE123 Plastic IR LEDs 

connected together. The fifth light source is mounted directly around the lens of the 

camera to produce the bright-eye effect. The costs of the main individual 

components are listed below in Table 3-1. The implemented system is
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approximately half the present cost of the least expensive commercial system 

presented in Table 2-1.

Table 3-1: System component costs

Part Approximate 
Cost ($CAD)

National Instruments PXI-1411 Frame Grabber $1,200
Canon VC-C50i PTZ Camera $1,000
National Instruments USB-6008 DAQ $190
Fairchild Semiconductor QED223 LEDs $10
Fairchild Semiconductor QEE123 LEDs $5

Total $2,405

It is important to note that the system can be made much cheaper using any one of 

the USB or wireless cameras that are currently available. An equivalent camera from 

Lightinthebox.com (model EasyN, China) can be purchased for approximately $70 

USD. This could replace the current Canon PTZ camera and eliminate the need for 

the National Instruments frame grabber, significantly reducing the cost of the system 

to approximately a fifth of the cost of the least expensive commercial system. To 

further reduce the cost of the system, replacing the USB DAQ with a custom 

hardware circuit board containing a microcontroller could reduce the overall cost of 

the system to $100 to $150 CAD, significantly cheaper than a commercial system.

3.3 Image Acquisition

This research was reviewed and approved by the Carleton University Research 

Ethics Committee. The letter of information was presented to each participant and 

informed consent was received prior to data collection. Both forms can be seen in 

Appendix A. Data collection was performed on five participants that comprised of 

four males and one female. Three males had no known vision disorders, while one 

male and the female participant wore corrective contact lenses for myopia. A 

summary of the participant details can be seen in Table 3-2.
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Table 3-2: Participant information

Subject Sex Age Dominant Eye Vision Disorder
PI M 29 Right None
P2 F 28 Right Myopic
P3 M 28 Right None
P4 M 30 Right None
P5 M 29 Right Myopic

Each of the participant's heads were positioned into a head fixation device 

(Figure 3-2a). The device was comprised of a Victory 3001 camera tripod with a 

custom head mount attached. The head mount was made up of two vertical padded 

metal bars that the user placed their head between, a chin rest, and a forehead 

strap. With the user's head in the mount, the amount of head movement was 

minimized while the system captured images. The camera's pan, tilt, and zoom 

functions were then manually controlled to obtain images of the user's dominant eye. 

The user's dominant eye was determined prior to data collection using the 

procedures outlined by the Porta Test (see Appendix B). The dominant eye is the eye 

that will gaze directly at the target, while the non-dominant eye's gaze is at a slight 

angle, providing the user depth perception. Since we want the user to gaze exactly 

on targets, the camera was adjusted until an image of the dominant eye would fill a 

280 x 150 pixel bounding box that was located in the center of the 640x480 pixel 

image plane (Figure 3-2b).

(a) (b)

Figure 3-2: Setting up the camera so user's dom inant eye fills  bounding box
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The camera's frame rate was set to 12 hertz. This allowed the system to collect 

four sets of three images. Controlling the amount of IR light reflecting onto the 

user's eye produced a different type of eye image. The three types of images 

captured (Figure 3-3) were a dark eye image, a bright eye image, and a glint image. 

The dark eye images (Figure 3-3a) were images of the eye when all IR light sources 

were turned off. The bright eye images (Figure 3-3b) were images of the eye when 

only the IR light source that was mounted on the camera was turned on (L5). This 

produced an image in which the pupil was reflected, much like the red-eye effect 

produced in flash photography. The glint images (Figure 3-3c) were images of the 

eye that were produced when only the IR light sources located on each corner of the 

monitor were turned on (LI to L4). This produced an image containing the four 

Purkinje reflections that were seen as bright points on the user's eye. All images 

were saved in joint photographic experts group (JPEG) format to be processed 

offline.

(a) (b) (c)

Figure 3-3: Capture images (a )  dark pupil, (b ) bright pupil, and (c ) g lin t pupil

A program written in Matlab was used to control when the 15 targets appeared 

on the monitor screen. The default display on the monitor was a flat black 

background. When each user was ready, targets, made up of white circles (26 pixels 

or 10mm) with black crosses and smaller black circles, appeared one at a time in 

locations across the screen. The order and location of the targets is presented in
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Figure 3-4. The user was directed to fixate their gaze at each target point while the 

system captured images for 50 eye gaze estimates (approximately 35 s). Details 

about the collection of images for experiments involving image resolution and head 

position are further described in Chapter 4.2 and Chapter 5.2, respectively.

(b)

Figure 3-4: Target locations presented to user during data collection (a ) ta rg e t order 
and (b ) screen shot of targets as they appeared to  the participants.

3.4 Image Processing to Estimate Eye Gaze

This section will present the data processing that was done offline with Matlab to 

estimate the user's eye gaze. There are three main steps involved in estimating the 

user's eye gaze which include estimating the pupil center location, estimating glint 

locations, and finally, calculating the cross ratios. Each step is further discussed in 

the following subsections.
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3.4.1 Estimating Pupil Center Location

The eye gaze system estimated the pupil center in a two-stage process. The 

first stage in the process was to estimate approximately where the pupil was in the 

image. The second stage involved forming a boundary box to isolate the pupil and 

extract the pupil center.

To estimate the approximate location of the pupil in the image, the location of 

the bright glint on the user's pupil in the bright eye image was extracted. The first 

step involved eliminating the background of the bright eye image by finding the 

difference between it and the dark eye image (Figure 3-5a). The image was then 

converted into a binary black and white image by applying a threshold (Figure 3-5b). 

Finally, a morphological gradient operator was applied to the binary image to 

enhance segmentation of blobs (Figure 3-5c). Unfortunately, this process produced 

"holes" in the image. Holes are defined as "a set of background pixels that cannot 

be reached by filling in the background from the edge of the image" [39]. Using the 

Matlab image processing command i m f i i i ,  these holes were eliminated. The 

centroid of the largest blob left in the image was then taken as the approximate 

location of the pupil.

The next stage in estimating the pupil center involved forming a bounding box 

around the approximate location found in the previous step. After a bounding box 

was formed, the true pupil center can be determined using one of the following two 

methods: a Hough transform or an Area of Interest (AOI) operator.

The first method uses a standard Hough transform to detect circles [40]. 

Detecting the circles involved computing the gradient of the image and the 

magnitude of the gradient. The Hough transform was then applied with a range of 

radiuses as an input, returning the centroids and radiuses of circles it had detected. 

The centroids were then arranged in descending order based on size and then
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descending order based on proximity to the approximate pupil location determined 

earlier. Starting with the first centroid in the list, each was checked to see if it was 

within the area of the bounding box. I f  so, the centroid was designated the best 

match for the pupil with the centroid representing the pupil center (Figure 3-6).

(c)

Figure 3-5: Im age processing during estim ation of approximate pupil center -  (a )  
background removal, (b ) binary thresholding, and (c ) morphological gradient.

Figure 3-6: Hough transform detecting pupil. Blue circles represent all the circles 
found by the Hough transform in the  image. The red rectangle is the  bounding box 

used in searching for the pupil center. The green cross is the pupil center found
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The second method used an Area of Interest operator to detect the pupil 

region. The first step was to eliminate the background in the bright eye image by 

finding its difference from the glint image (Figure 3-7a). This background elimination 

was more effective in removing the face from the image compared to the first stage 

of the pupil estimation described earlier. A threshold was then applied to create a 

binary image (Figure 3-7b). Next, a morphological gradient was applied with any 

holes filled, similar to the steps taken previously (Figure 3-7c). The centroids and 

sizes of areas of interest in the image were then determined. After, the AOIs were 

sorted by size in descending order. Starting with the largest AOI, their respective 

centroids were checked to see if they fell within the area of the bounding box. I f  so, 

the AOI was deemed to represent the pupil and its centroid was defined as the pupil 

center (Figure 3-7d).

Eye gaze estimates using the two pupil detection methods for one participant 

yielded the following plots that can be seen in Figure 3-8. From the plots, the radial 

mean distances of the clusters from the target points were similar; however, the 

cluster variances were greater for the estimates using the Hough transform than 

they were for the estimates using the AOI operator. Based on this empirical data, the 

use of the AOI operator in the eye gaze estimates was chosen.
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(C) (d )

Figure 3-7: Im age processing steps executed to determ ine the tru e  pupil center -  
(a ) background removal, (b ) binary thresholding, (c ) morphological gradient, and

(d ) bright eye image showing approxim ate pupil center (green cross) and 
determ ined pupil center (red cross)
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Figure 3-8: Eye gaze estimates using tw o different pupil detection methods. The red 
x's represent eye gaze estimates w hile the  black diamonds represent the  ta rg e t 

points. The blue crosses show the mean eye gaze estim ate of the  cluster, w hile  the  
blue circles represent the  cluster variance, (a ) Estimates using the  Hough 

Transform, (b ) Estimates using the  Area of In terest Operator.
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3.4.2 Estimating Glint Locations

Estimating the glint locations was similar to the steps taken to estimate the pupil 

center. First, the background of the glint image was removed by finding the 

difference between it and the dark eye image (Figure 3-9a). A threshold was then 

applied to create a binary image (Figure 3-9b). After, a morphological gradient was 

applied (Figure 3-9c) and any holes were filled in (Figure 3-9d). Areas and centroids 

of blobs were then computed and sorted by size in descending order. Blobs larger or 

smaller then defined sizes were removed under the assumption that they were not 

glints but rather from face reflections or noise, respectively. Using the pupil center, 

a bounding box was defined (Figure 3-9e). The four largest remaining blobs within 

the bounding box were taken to be the four glints (Purkinje reflections). The four 

glints were then classified as uvi, uv2, uv3, and uv4 (Figure 3-9f) representing light 

sources LI through L4 respectively.
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(e) (f)
Figure 3-9: Im age processing steps taken during estimation of g lin t locations -  (a )  
background removal, (b ) binary thresholding, (c ) morphological gradient, (d ) filling  

of "holes" in image, (e ) bounding box, ( f )  organization of g lin t locations.
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Having all four Purkinje reflections detected at all times was difficult, as they 

would sometimes vary in strength. When only three reflections were detected, the 

system determined a "ghost point" by estimating the fourth reflection so that it could 

be used with the cross ratios formula. The fourth point was estimated as follows:

1. Assigning the three known points as uvl, uv2, and u v3

2. Determining the x-axis distance of uvluv2, uvluv3, uv2uv3

3. Determining the line segment with the minimum x-axis distance.

4. Between the 2 points of this line segment, assigning PI as the point with the

maximum y-axis coordinate and P2 as the point with the minimum y-axis

coordinate. Assigning P3 as the remaining point

5. Assign x-axis coordinate of P4 as x-axis coordinate of P3

6. Determine the y-axis distance of P1P3 and P2P3. I f  P1P3 > P2P3, then assign 

the y-coordinate of P4 as the y-coordinate of PI; else, assign the y-coordinate 

of P4 as the y-coordinate of PI.

7. Finally, PI, P2, P3, and P4 are rearranged to form uvll uv2, uv3, and uv4.

I f  the process finds less than three glints, the system is unable to estimate the user's 

gaze point.

3.4.3 Estimating Gaze Point with Cross Ratios

The constant coefficient, a, was set to 2 to approximately estimate the virtual 

projection points uv2, uv2, uv3r and uv4. Using the location of the pupil center as p  

and the four projection points, the system was able to estimate the user's gaze point 

using the cross ratios formula as described in Section 2.3.
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4 Effects of Image Resolution

4.1 Introduction

This chapter presents the effects of eye image resolution on eye gaze 

estimates when using the implemented system based on cross-ratios. This chapter 

will describe the method of data collection. Results of the eye gaze estimate accuracy 

are then presented when using different eye image resolutions. A discussion is 

presented to explain the results acquired. The chapter will conclude with the findings 

from experimental results using different eye image resolutions.

4.2 Method

4.2.1 Data Collection

Data were collected from five participants (4 males and 1 female) who were 

right-eye dominant. The female (P2) and one male (P5) wore corrective contact 

lenses while the 3 other males (PI, P3, and P4) had no known vision disorders. As 

described in detail in Chapter 3.3, each participant sat 65 centimetres in front o f the 

monitor screen with their head attached to the fixation device to minimize head 

movement. Participants' heads were placed so that the top bridge of their nose was 

aligned with the center of the monitor screen. Fifteen targets appeared on the 

monitor screen one at a time. The location and order of the targets on the monitor 

screen can be seen in Figure 3-4a. Each participant was asked to focus their gaze at 

each of the fifteen target points as they appeared on the monitor screen until they 

disappeared. During this time, eye images were captured from the camera at a 

resolution of 640x480 pixels. This resolution was the maximum eye image resolution 

the camera was able to capture.
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4.2.2 Creating Eye Images With Different Resolutions

Images were resized in Matlab offline using bicubic interpolation into seven 

other 4:3 aspect ratio eye image resolutions (Table 4-1). Eye image resolutions can 

be seen with respect to one another in Figure 4-1.

Table 4 -1 : Resize resolutions of eye images

Resolution (pixel) Magnification Approximate ROI (p ixel)
200x150 5/16 x 5/16 25x25
240x180 3/8 x 3/8 30x30
320x240 1/2 x 1/2 40x40
400x300 5/8 x 5/8 50x50
500x375 25/32 x 25/32 62x62
640x480 0 80x80
800x600 5/4 x 5/4 100x100
1024x768 8/5 x 8/5 128x128

1024pXX 768px

800px x 600px

640px x 480px

500px x 375px

400pxx 300px

320pxx 240px

240pxx 180px

200pxx150px

Figure 4-1: Eye image resolutions w ith  respect to one another. The largest eye  
image resolution used was 1024x768  pixels w h ile  the smallest eye im age resolution

used was 200x150.
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The region of interest (ROI), which contains the user's iris and pupil, is 

approximately 2% of each eye image. Figure 4-2 is an example of an eye image 

showing the ROI bounding box. The area in the red bounding box is where the 

system will search for eye features to use for eye gaze estimation.

Figure 4-2: Example of an im age of participant P I  w ith  a bounding box outlining the  
ROI. The dimension of the image is 320  pixels wide by 240  pixels ta il (area  o f 76800  
pixels). The bounding box is 40  pixels w ide by 40 pixels tall (a rea  of 1600  pixels or 

1 6 0 0 /7 6 8 0 0  x 1 00 %  = 2 .0 8 %  of the eye image).

4.2.3 Eye Gaze Estimation

Eye gaze estimates were performed for all 15 target points using the proposed 

eye image resolutions as described in Section 3.4. The average root mean square 

error (RMSe) was computed between the location of the target on the computer 

monitor and the estimated gaze point. Eye images where a pupil was not detected 

with the method described in Section 3.4.1 were automatically discarded during 

processing. Manually checking a small sample of the discarded eye images showed 

that either the camera had captured the participant blinking or that it had captured 

the participant's head or pupil moving, resulting in a blurred image that could not be 

used. To avoid distortion of the eye gaze estimate sample, outliers in the data for 

each target were removed with the fourth-spread outlier test. This test indentifies
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the boundaries of the data and divides it into quartiles, measures the distance fs 

between the upper and lower quartile, then sets the upper and lower outlier 

boundaries as a function of this distance (median of data +/- fs*1.5). The advantage 

of using this test for outlier detection is that there was no requirement for sample 

size. The test also helps to remove the effects of saccades, which are quick eye 

movements to other stimuli while trying to maintain a fixed gaze. As the eye image 

resolution decreased, eye gaze estimates became increasingly difficult for the system 

to compute consistently (this will be explained in Section 4.4). This resulted in 

sample sizes ranging from 20 to 50 estimates. With the outlier test, any sample size 

used would detect extreme outliers that may influence the mean of the sample [42].

4.3 Results

A total of 50 eye image sets were captured for each target for each eye image 

resolution. Table 4-2 shows the number of disregarded points of each participant for 

each target using 640x480 pixel eye images. The average number of disregarded 

640x480 pixel eye images after removal of blinks and outliers was 14.59 + /- 5.36 

eye images. Table 4-3 shows the number of eye images where a ghost point was 

used to calculate the eye gaze estimate for a target using 640x480 pixel eye images. 

The average number of eye estimates where a ghost point was used was 9.19 + /- 

7.82 for each target. For targets 12, 14, and 15, the number of ghost points used 

was much larger compared to the number of ghost points used to estimate all other 

targets.

Figure 4-3 is a graph of the average number of disregarded eye images for 

each resolution after interpolation. A total of 750 eye images were captured for each 

participant. There was a decrease in disregarded eye images when there was an 

increase in the eye image resolution from 200x150 pixels up to 500x375 pixels.
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When the eye image resolution increased from 500x375 pixels to 1024x768 pixels, 

the average number of disregarded eye images did not vary greatly.

Table 4 -2 : The number o f disregarded 640x480  pixel eye images fo r each ta rg e t for 
participants P I  to P5. A total of 50 eye images w ere collected fo r each target.

Disregarded Eye Images
Target P I P2 P3 P4 P5 Avg Std

1 12 12 43 17 19 20.60 12.90
2 10 12 11 13 8 10.80 1.92
3 14 13 6 13 13 11.80 3.27
4 7 15 11 15 10 11.60 3.44
5 9 14 12 15 12 12.40 2.30
6 9 16 7 15 11 11.60 3.85
7 9 11 12 13 23 13.60 5.46
8 6 14 6 30 15 14.20 9.81
9 11 13 11 15 11 12.20 1.79
10 10 7 9 10 16 10.40 3.36
11 16 18 9 9 18 14.00 4.64
12 13 29 11 37 13 20.60 11.70
13 19 20 12 13 12 15.20 3.96
14 28 18 14 14 18 18.40 5.73
15 22 30 24 17 14 21.40 6.23
Average of Ail Targets 14.59 5.36
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Table 4 -3 : The number o f eye images w here a ghost point was used fo r the  eye gaze  
estimation using 640x480 pixel eye images for each ta rg e t for each participant P I  to

P5.

G host Points
T a rg e t P I P2 P3 P4 P5 Avg Std

1 1 5 1 0 10 3.4 4.16
2 6 12 5 0 11 6.8 4.87

3 5 7 0 0 5 3.4 3.21
4 0 14 0 0 5 3.8 6.10

5 41 0 2 3 5 10.2 17.31

6 6 7 0 0 3 3.2 3.27

7 17 5 0 1 4 5.4 6.80

8 6 11 3 0 15 7 6.04

9 0 9 27 0 7 8.6 11.06

10 0 8 27 1 1 7.4 11.41
11 27 13 3 6 6 11 9.67

12 19 20 39 9 2 17.8 13.99

13 15 12 11 1 15 10.8 5.76
14 21 19 32 11 24 21.4 7.64

15 19 10 24 13 22 17.6 5.94

A v e ra g e  o f A ll T a rg e ts 9.19 7.82
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Figure 4-3: Graph o f the average number o f disregarded eye im ages o f all 
participants for all 15 targets fo r each eye image resolution. A to ta l o f 750  eye  

images w ere used, 50 eye images w ere collected for each target in 640 x 48 0  pixel 
resolution and interpolated into another 7 different eye image resolutions
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Table 4-4 is the number of eye images where a ghost point was used in the 

eye gaze estimation for each resolution after interpolation.

Table 4 -4 : The number of ghost points used to calculate eye gaze estim ation fo r each 
eye image resolution used. A total o f 400  eye images were used, 50  eye images 
w ere collected for each target and interpolated into 7 other d ifferent eye im age

resolutions.

G host Points
R eso lu tion P I P2 P3 P 4 P 5 Avg S td

1 64 128 55 35 101 76.60 37.39

2 107 133 99 134 161 126.80 24.62

3 113 120 124 47 188 118.40 50.01

4 135 159 119 60 127 120.00 36.73

5 135 99 125 48 108 103.00 33.82

6 183 152 174 45 135 137.80 55.17

7 149 126 161 45 187 133.60 54.19

8 144 111 143 46 116 112.00 39.87

Plotting the estimated gaze points for each participant relative to the targets on 

the monitor screen where they were to focus produced plots similar to Figure 3-8(b). 

This figure was generated with eye gaze estimates for PI using eye images with a 

resolution of 640x480 pixels. The estimated gaze points were shifted to the right 

and up from the target points. Figure 4-4 is a box plot of the RMSe of the radial 

distance of the estimate gaze point to the targets. The data used for the box plot 

contained the average eye gaze estimate for all 15 targets for each participant. Each 

box represents the data using one particular eye image resolution. Taking the mean 

of the RMSe in the x-axis and y-axis for all 15 targets for each participant and 

plotting graphs similar to that previously presented yields Figure 4-5.
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Figure 4-4: Box plots showing the trend of the average RMSe o f the  radial distance 
from the targets as eye image resolution increases. Data for each box plot consists 
of the average radial RMSe for each target of all participants. Each box represents a 
different eye image resolution used. The red line in the box denotes the  m edian of 

the data. The top and bottom edges o f the blue box represent th e  25 th and 75th 
percentiles respectively. The black whiskers represent the  maximum and minimum  

data range, while the  red crosses represent outliers. The average RMSe fo r each 
participant are represented an 'x ' where: green =  P I,  black = P2, cyan =  P3,

magenta = P4, and blue = P5.

Plots of the variance of the eye gaze estimates using different eye image 

resolutions can be seen in Figure 4-6 for participant P2. The estimates are for five of 

the fifteen targets that participants were asked to focus on during the data 

collection. The figure consists of plots for eye gaze estimates when participants were 

focusing on targets 1, 5, 8, 11, and 15. These plots are shown as they represent the 

general area of the monitor. Targets 1, 5, 11, and 15 appeared in the top left 

corner, top right corner, bottom left corner and bottom right corner of the monitor 

screen respectively, while target 8 appeared at the center of the monitor screen.
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Figure 4 -5 : Box plots showing the  trend of the average RMSe in (a )  x-axis and (b )  y- 

axis as eye image resolution increases. Data for each box plot consists o f the  
average RMSe along the x-axis or y-axis for each target o f all participants. Each box 

represents a different eye image resolution used. The red line in th e  box denotes  
the median of the data. The top and bottom edges of the  blue box represent the  25th 

and 75th percentiles respectively. The black whiskers represent the m axim um  and  
minimum data range, w hile the red crosses represent outliers. The average RMSe 

for each participant are represented an 'x ' where: green =  P I, black =  P2, cyan =  P3,
m agenta = P4, and blue = P5.

Figure 4-7 is the average variance of error for eye gaze estimates of all 15 

targets for all participants PI through P5 for each eye image resolution.
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Figure 4-6: The variance o f radial error of eye gaze estimates using d ifferent eye  
image resolutions for (a )  ta rg e t 1, (b )  target 5, (c ) ta rg e t 8, (d )  ta rg e t 11, and (e )  
target 15. The radial error is defined by the circle th a t encompasses the  mean eye  
gaze estimation (represented by a cross or 'x ') . The following colors represent the  
corresponding eye image resolutions in pixels: solid blue = 200x150 , dash blue =  
240x480, green = 320x240, red = 400x300 , cyan =  500x375, m agenta 640x480 , 

yellow = 800x600 , and black = 1024x768.
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4.4 Discussion

A large part of the error seen in the results can be attributed to a bias in the 

system. Recall that the system was being used without any calibration routine. I f  a 

calibration routine was performed for each participant prior to data collection, the 

bias could be eliminated; however, it would stand to reason that the trends 

mentioned hereafter would remain the same.

From the results, there was neither a large increase nor decrease in estimation 

error when increasing the eye image resolution from the camera default of 640x480 

pixels up to 1024x768 pixels as seen in Figure 4-4. One would have expected that 

when using greater eye image resolution, the accuracy of the system would have 

increased; hence the estimation error would have decreased. The difference 

between the average radial RMSe of eye gaze estimates using 640x480 pixels and 

1024x768 pixels was 4 pixels (1.5mm on the monitor screen). Looking at the 

average variance of the radial error for all the targets between the two eye image 

resolutions was approximately 7 pixels (2.5mm). The low average radial RMSe and
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variance would suggest that there was no noticeable improvement in accuracy and 

precision.

In Figure 4-4, it shows that there was an increase in average RMSe (14.9 + /- 

25.9 pixels /  5.43 + /- 9.46 mm) of the eye gaze estimate when decreasing the 

resolution of the images from 640x480 pixels to 240x180 pixels and a relatively 

large increase in average RMSe (188.6 pixels /  68.82mm) when using 200x150 pixel 

eye images. This behaviour was consistent across all five participants and appears 

to be largely influenced by the estimation of the x-coordinate (Figure 4-4a) as both 

have a similar trend. The radial RMSe of eye image resolutions 500x375 pixels to 

240x180 pixels did not vary greatly. One would expect that the error would continue 

to increase relative to image size used. This provides some substantiating evidence 

that an increase in eye image resolution may not greatly increase accuracy in the 

system. It is important to note that experiments with the use of a higher resolution 

camera would need to be conducted to conclusively determine any effects of 

increasing eye image resolutions.

With the increase in eye image resolution, the distances between pupil features 

would be represented with more accuracy allowing a more accurate result when 

using the cross ratios to determine eye gaze. For instance, using a 640x480 pixel 

eye image, 1 pixel represented 0.125mm while in a 1024x768 pixel eye image, 1 

pixel represented 0.833mm. The higher eye image resolution image would have 

been prone to less rounding error when measuring pupil features, which in turn 

would have resulted in a more accurate estimate when computing the x- and y- 

coordinate of the cross ratios.

I t  is important to note that the increase and decrease in eye image resolution in 

this experiment was synthetic, as it was achieved using bicupic interpolation. 

Effectively, the eye images were being upsampled for higher eye image resolutions, 

therefore, there was no real new information being added to the images. However,
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by doing so, there was a possibility of seeing if the error would have increased. To 

truly see if the system can achieve more accurate eye gaze estimates using higher 

resolution eye images, a higher resolution camera would be needed. Even with the 

higher resolution camera, we would not expect there to be any large improvements 

since the relative improvements one could see would be small compared to the 

variability between different eye images captured. For lower resolution eye images, 

artifacts may be introduced in the eye images that could cause some error during 

eye gaze estimation. However, once again, these errors would be considered small 

compared to the variability of different eye images captured.

The eye gaze estimation system appears to be sensitive to feature detection found 

in the eye image plane. A pixel in an eye image will translate to several tens of 

pixels on the monitor plane. The following relationships can been seen between the 

pupil center in the eye image (upx,uPy) and the estimated gaze point on the monitor 

plane (xg,yg) for 640x480 eye image pixel resolution images:

( U p x ,  U p y )  ( X g ,  yg)

( U p x ^ l f  U p y )  ( X g ± 7 0 ,  yg)

( U p x /  U p y ± l )  (xg, yg±75)

If  the pupil center estimate is one pixel off in the x-axis of the eye image, then there 

is an offset in the gaze estimate of approximately 70 pixels (18.12mm) in the x-axis 

on the monitor plane. Similarly, one pixel off in the y-axis of the eye image results in

an offset in the gaze estimate of approximately 75 pixels (19.28mm) in the y-axis on

the monitor plane. This would contribute to the decreasing estimation error seen for 

320x240 pixel and 240x180 pixel eye image resolutions, where one would have 

expected it to increase.

In Figure 4-6, the radius of the variance circles increase with eye image 

resolution. Graphing for all participants, Figure 4-7 shows that the average radial
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variance error is larger for smaller eye image resolutions compared to greater eye 

image resolutions used in this study. Variances are largest for the two lowest eye 

image resolutions tested, 200x150 pixels and 240x480 pixels. As the eye image 

resolution decreases, the offset due to incorrect pupil center estimates will increase 

because the relative distances between eye features will be decreased. Feature 

estimation errors for lower eye image resolutions will translate to larger errors on the 

monitor plane compared to feature estimation errors for higher resolution images. 

Because of this, the variance for eye gaze estimates will be larger for lower eye 

image resolutions.

4.5 Conclusions

Eye image resolution was not a large factor in the accuracy of eye gaze 

estimation until reducing the eye image resolution where the ROI was lower than 

45x38 pixels. With lower resolution eye images, feature estimation translated to 

larger amounts of pixels on the monitor compared to feature estimation when using 

higher resolution eye images. I f  there was an error in feature estimation, the error 

of the eye gaze estimate on the monitor was magnified. During testing, when the 

ROI was larger than 45x38 pixels, the accuracy of the eye gaze estimation did not 

largely change. However, to conclusively determine the effects of higher resolution 

eye images, experiments with a higher resolution camera will need to be conducted.

When decreasing eye image resolution, even though the mean of the eye 

gaze estimate did not largely vary, the variance of eye gaze estimates increased. 

This could be problematic for applications that require a high level of precision. 

However, if an application can tolerate a lower level of precision, lower resolution eye 

images could be utilized. This would enable a system to be designed using less 

expensive imaging technology. A typical system would utilize a minimum of two 

cameras where one camera would focus on tracking a user's head to enable control
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for another camera to focus on the user's pupil. If the system can tolerate a lower 

level of precision, then the complexity of the system can be reduced so that there is 

only a single camera tracking a user's head. Eye features could then be extracted 

from a zoomed in portion of that image. In essence, the effective pixels between 

features collected of the eye in the image would be reduced, similar to reducing the 

eye image resolution in the current implementation. Therefore depending on the 

available ROI, there is a trade off between the simplicity of the system and the 

accuracy and precision of the system.
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5 Effects of Head Position

5.1 Introduction

This chapter presents the effects of different head positions on eye gaze 

estimates when using the implemented system based on cross-ratios. The method 

of data collection is first described. Results of the estimation accuracy are then 

presented when the head is in different positions. Next, a discussion is presented to 

explain the results acquired. The chapter will finally conclude with the findings from 

the experimental results.

5.2 Method

Data were collected from five participants (4 males and 1 female) who were 

right-eye dominant. The female (P2) and one male (P5) wore corrective contact 

lenses while the 3 other male participants (PI, P3, and P4) had no known vision 

disorders. As described in detail in Chapter 3.3, each participant sat 65 centimetres 

in front of the monitor screen with their head attached to the fixation device to 

minimize any head movement. Nine trials were performed with the head positioned 

in a different location relative to the monitor. Referring to the coordinate system in 

Figure 5-1, each participant's head was fixed along the z-axis (65cm from the 

monitor screen), while the position along the x- and y-axis changed for each trial, 

with the coordinate (0,0,0) being the physical location of the center of the monitor 

screen. Head movement to the right, relative to the user, was considered movement 

along the positive x-axis, while movement to the left was considered movement 

along the negative x-axis. Head movement upwards towards the ceiling was 

considered movement along the positive y-axis while movement downwards towards 

the floor was considered movement along the negative y-axis.
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Figure 5-1: Coordinate system used when describing head position.

Participants' heads were placed in the head fixation device so the top bridge 

of their nose was located in space at the locations outlined in Table 5-1. These head 

positions would represent head movement of 10cm vertically (+ /-5cm  in the y- 

plane) and approximately 27cm laterally (+10cm and -17cm in the x-plane). Since 

the participants were right eye dominant, the head movements in the positive x- 

direction in trials 4 through 6 were shorter compared to the head movements in the 

negative x-direction for trials 7 through 9. This was to ensure that the camera would 

be able to capture usable eye images where eye features could be extracted. I t  also 

allowed the camera to have an even degree of rotation when panning from side to 

side since it focused on the dominant eye. The typical distance between the centers 

of the pupils in each eye for an adult male is 7cm, while for an adult female is 6.5cm 

[43]. Therefore, during trials 4 through 6, the right eye was positioned at 

approximately 13.5cm for males, or 13.25cm for females from the center of the 

monitor. With the increased distance in head movement for trials 7 through 9, the 

right eye was positioned 13.5cm for males or 13.75cm for females in the negative x- 

axis direction from the center of the monitor.

Five targets were presented individually on the monitor screen where each 

participant was asked to fix their gaze on. Referring previously to Figure 3-4, targets
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1, 5, 8, 10, and 15 were presented respectively. This represented the upper left, 

upper right, center, lower left, and lower right regions of the monitor screen as seen 

by the participant. Eye images were captured from the camera at a resolution of 

640x480 pixels.

Table 5-1: Positions of each participant's Head relative to  the center o f the m onitor
screen.

Trial# Location the top bridge of each 
participants nose in space (x,y,z)

1 (0cm, 0cm, 65cm)
2 (0cm, 5cm, 65cm)
3 (0cm, -5cm, 65cm)
4 (10cm, 0cm, 65cm)
5 (10cm, 5cm, 65cm)
6 (10cm, -5cm, 65cm)
7 (-17cm, 0cm, 65cm)
8 (-17cm, 5cm, 65cm)
9 (-17cm, -5cm, 65cm)

5.2.1 Eye gaze estimation

Eye gaze estimation was computed offline using Matlab. For each participant, 

the gaze point estimation was made for each of the 5 target points for each trial as 

described in Chapter 3.4. The average root mean square error (RMSe) was 

computed between the location of the target on the computer monitor and the 

estimated gaze point. Eye images where a pupil could not be detected were 

discarded. Outliers in the data eye gaze estimates were removed with the fourth- 

spread method. More information on the discarding of samples can be found 

previously in Chapter 4.2.3.

5.3 Results

Table 5-2 displays the number of disregarded eye images of all targets of all 

participants PI through P5 for each of the 9 trials. There were 50 eye images



captured for each target for a total of 250 eye images captured in each trial. The 

average number of discarded eye images after removal of blinks and outliers for 

each trial was 32.36 + /- 11.37. Table 3-1 displays the number of eye gaze 

estimates where a ghost point was used. The average number of ghost points used 

was 62.31 + /- 20.69 in each trial for all targets.

Table 5-2: The number o f disregarded eye images o f all targets fo r each participant 
in the 9 d ifferent head positions. A total o f 250  eye images w ere collected in each

head position.

Disregarded Eye Images
Position PI P2 P3 P4 P5 Avg Std

1 35 35 34 35 43 36.40 3.71
2 43 30 28 59 51 42.20 13.33
3 45 40 42 46 65 47.60 10.01
4 29 29 3 29 50 28.00 16.67
5 31 29 11 41 7 23.80 14.32
6 36 21 11 24 44 27.20 12.95
7 30 33 20 36 28 29.40 6.07
8 33 33 9 33 31 27.80 10.55
9 30 24 9 31 50 28.80 14.75
Average of All Positions 32.36 11.37

Table 5-3: The number of eye gaze estim ates w here a ghost was used to estim ate all 
targets for each participant in each head position.

Ghost Points
Position PI P2 P3 P4 P5 Avg Std

1 42 82 56 81 81 68.40 18.39
2 20 74 74 59 65 58.40 22.39
3 71 102 56 58 71 71.60 18.39
4 44 61 27 45 104 56.20 29.30
5 62 83 30 56 18 49.80 25.95
6 52 95 48 76 101 74.40 24.15
7 70 46 53 55 61 57.00 9.03
8 73 72 51 72 111 75.80 21.74
9 20 57 54 52 63 49.20 16.84

Average of All Positions 62.31 20.69

Plots of the average estimated gaze points relative to target points for 

participants PI through P5 can be seen in Figure 5-2 while Table 5-4 presents the
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average and standard deviation of the radial RMSe of the clusters seen in each plot. 

Similar to the results presented in Chapter 4.3, estimated gaze points were shifted to 

the right and up from the target points.
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Figure 5-2: Plots (a )  through (e )  show the mean eye gaze estimates o f each target 

for participants P I  through P5 respectively of all trials 1 through 9 . Target positions 
are represented by the blue circles. Eye gaze estim ates for tria ls  1 through 9 are  

represented respectively as follows: blue x, green x, red x, cyan x, m agenta x , yellow
x, black x, green cross, and red cross.
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Table 5-4: The average and standard deviation of the radial RMSe o f th e  9 tria ls  
conducted for each participant for each target.

P I P2 P3 P4 P5
Target Avg Std Avg Std Avg Std Avg Std Avg Std

1 427.75 44.85 254.83 93.34 247.20 62.35 340.94 54.36 547.41 56.49
2 443.27 126.71 209.87 30.32 157.97 139.33 266.15 61.90 454.45 60.37
3 396.61 25.98 253.89 62.62 179.86 47.82 308.26 36.08 564.23 145.62
4 235.87 53.80 225.11 72.65 282.55 182.35 212.56 116.43 456.95 65.42
5 312.93 32.63 208.80 45.85 470.58 113.32 178.59 73.37 350.20 116.65

Figure 5-3 displays the translational error characterized by the average RMSe 

of the estimated eye gaze in radial distance, along the x-axis and y-axis of all 

participants for each target for each of the 9 trials. Each trial will from here on after 

be referred to as a head position.
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Figure 5-3: Box plots showing the average RMSe in the  x-axis and y-axis for d ifferent 
head positions. Data for each box plot consists o f the average RMSe along th e  x-axis  

or y-axis of all participants for one target. The red line in the box denotes the  
median of the data. The top and bottom edges of the  blue box represent th e  25 th 

and 75th percentiles respectively. The black whiskers represent the  m axim um  and  
minimum data range, w hile the  red crosses represent outliers.
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5.4 Discussion

Table 5-2 shows that the average number of disregarded images for each 

target did not increase significantly between different head positions. This would 

suggest that when the head was displaced as described in Section 5.2, the 

implemented system was capable of capturing eye images where eye features could 

be extracted. However, in

Table 5-3, the variance of the number of ghost points used when estimating 

eye gaze was large, suggesting not all four Purkinje reflections could be conclusively 

found in every head position for every target point. This led to some error with eye 

gaze estimation, as the fourth Purkinje reflection needed to be estimated by the 

system. Also, the average number of ghost points did not decrease as the dominant 

eye moved towards the center of the monitor as one would expect. This could result 

from a number of factors such as the LED sources used to create the Purkinje 

reflections not being powerful enough, or the glint detection algorithm not being 

robust enough to avoid discarding faint glints.

Similar to Chapter 4.4, a large part of the error seen in the results can be 

attributed to a bias in the system that could be removed with a calibration routine; 

however this does not affect the general trends observed. We can see in Figure

5-2(a)-(e) that plotting the mean eye gaze estimates for each trial created a cluster 

close to each target. The average standard deviation of the RMSe, which describes 

the radius of the cluster, was 76.82 pixels (28.03mm) where the minimum value was 

25.98 pixels and the maximum value was 182.35 pixels. This translates to a 

minimum error of 0.95 cm and a maximum error of 6.65cm from the target on the 

monitor plane. These results show that the implemented system has a degree of 

precision that may be acceptable for applications that do not require a high degree of 

accuracy.
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Analyzing Figure 5-3(b) and (c), we can create Karnaugh map-like diagrams to 

show possible relationships between the translational error in the x-axis and y-axis 

for each target and the head position participants are in. These are shown in Figure

5-4 (a) through (e) for targets 1, 5, 8, 11, and 15 respectively.
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Figure 5-4: Venn diagrams showing relationship between the largest translation RMS 
errors (red ), smallest translation RMS errors (green) and targets (b lu e ) o f (a )  

Target 1, (b ) Target 5, (c ) Target 8 , (d ) Target 11, and (e )  Target 15. 9x9  squares 
and corresponding numbers represent the  participant's head position relative to  the

screen.
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Looking at the Karnaugh-map like diagrams, we notice the following general trends:

• For targets 1, 5, 11, and 15 representing the 4 corners of the monitor, the 

translational error along the x-axis appeared to be largest when the head 

position was located furthest away from the target along the x-axis.

• For target 8 representing the center of the monitor, the translational error

along the x-axis appeared to be largest when the participant's head was in 

head position 5 (upper right corner).

• For targets 1 and 5 (upper corners), the translational error along the y-axis

appeared to be largest when the participants' heads were located in head

positions furthest from the target along the x-axis.

• For targets 8, 11, and 15 (center and bottom corners respectively), the

translational error along the y-axis appeared to be largest when the

participants' heads were located above the target along the y-axis.

Based on the small sample size (n=5), these findings would suggest that the eye 

gaze estimation error increased as the distance between the target and dominant 

eye increased.

5.5 Conclusions

In the implemented system, head positions where the top bridge of a user's 

nose was located anywhere between +10cm and -17cm along the x-axis, +5cm and 

-5cm along the y-axis, and 65cm along the z-xis from the center of the monitor, did 

not significantly affect the accuracy of the eye gaze estimation. When a user's head 

was placed in different locations, the system was able to capture the minimum 

number of eye features to provide an eye gaze estimation result; however the 

system was unable to capture all four Purkinje reflections for all head positions which 

led to some estimation error as the system estimated the fourth reflection.
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For each participant in the experiment, the average eye gaze estimate in each 

head position formed a cluster near each target. Each cluster was offset from the 

target because of a bias in the system. The radiuses of the cluster varied slightly for 

each target and participant. Experimental results demonstrated that the system 

could have good eye gaze estimation accuracy, although it would suffer from poor 

precision when a user's head is not relatively fixed to the center of the monitor. 

With poorer precision, the implemented system could still be useful in human 

computer interaction (HCI) applications that employed an icon menu system. Icon 

widths and lengths could be made large enough where the variance of eye gaze 

estimates would become irrelevant if the user is to fix their gaze to the center of the 

icon.

The experimental results also suggested that the eye gaze estimation error 

usually increased when the distance between the target and dominant eye of a user 

increased in the x-direction and y-direction. Because of the small sample size, there 

was a large variance in the RMSe measured. A larger sample of data will need to be 

collected in order to conclusively determine the relationship.
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6 Bias Compensation

6.1 Introduction

In Chapter 4 & 5, there was a large bias present in the data that could have 

been attributed to the omission of a calibration routine for each participant prior to 

the data collection. Many implementations ([1 ], [6], [15], [18], [33], [34]) require 

that each user calibrates the eye gaze system by focusing on targets on a monitor 

screen before the system estimates gaze locations. This allows the system to 

determine the bias and correct for it automatically when in use.

This chapter proposes a method to correct for the bias in the implemented eye 

gaze system without performing a calibration prior to use. Possible explanations for 

the bias seen in the data are first explained. The method for bias compensation is 

then presented. Afterwards, results of the estimation accuracy are shown with the 

previously collected data from the experiments performed in Chapter 4 & 5. This is 

followed by a discussion explaining the results acquired. The chapter will conclude 

with the findings from the proposed bias compensation method.

6.2 Bias in the System

One possibility for the bias in the system could be attributed to the finite size of 

each user's eye. Figure 6-1 shows a schematic diagram of the eye, where the major 

parts of the eye are labeled. Using Figure 6-1 as a reference, the eye's basic 

function is described as follows. The eye first allows light through the cornea and 

pupil. This light is then concentrated through the lens and focused onto the retina in 

the back of the eye. Located at the back of the eye directly behind the lens is the 

most sensitive part of the retina, the fovea. It is at the fovea where the eye 

translates light to electrical impulses that are then carried up to the brain [44].
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Choroid

O ptfc  -------------

Figure 6 -1 : Schematic diagram o f the human eye [4 5 ]

The implemented eye gaze system extracted the pupil location and the four 

Purkinje reflections from captured eye images. These images were captured from a 

camera located underneath the monitor positioned in the center o f the bottom edge. 

Therefore, these images were approximately coplanar with the monitor screen, which 

allowed the system to make use of the cross-ratios method.

When the user's gaze is perpendicular to the monitor, the system should 

estimate eye gaze accurately, since a perpendicular line can be drawn from the 

monitor through the center of the pupil to the center of the fovea. However, when 

the eye is rotated in the eye socket, the information extracted does not accurately 

represent the location of the fovea, which is where the true eye gaze occurs. The 

gaze system will instead estimate the gaze perpendicular to the center of the pupil 

region it sees in the 2-dimensional eye image. We can see in Figure 6-2(a) that 

when a user's gaze is perpendicular to the screen, the pupil is approximately
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centered to the centroid of the four Purkinje reflections, indicating that the eye is 

perpendicular to the screen. In Figure 6-2(b), the user's eye has rotated slightly and 

their gaze is no longer perpendicular with the screen. However, with the cross

ratio's method using a 2-dimensional image, the system will return an estimated 

gaze point as if the user's eye was perpendicular to the screen.

Si /

v rt

r

Figure 6-2: Picture of pupil w ith  four Purkinje reflections. The participants' head 
and the light sources for th e  reflections are fixed in position and only th e  eye is 

allowed to move. Xn (a ), the participant's gaze is on a target directly ahead on the  
monitor screen, while in (b ) the participant is looking a t a target to the  side of the  

original target. In  both figures: f  represents the fovea, pe represents th e  pupil 
center, uvl and uv2 are tw o of the purkinje reflections, g„ is the estim ated gaze point 

determined by cross ratios, and gb is the tru e  gaze point.

6.3 Bias Compensation Method

To eliminate the bias without running a calibration routine, we hypothesize that 

we can determine the amount of bias correction to add to an eye gaze estimate 

based on the angle of rotation and elevation of the eye to compensate for the
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location of the fovea. By examining the angle of rotation in the x-axis and elevation 

in the y-axis we can estimate an error associated with the eye gaze estimate.

There are a few assumptions that need to be made in order to estimate the 

error of the eye gaze estimation. The first assumption is that the system can 

determine the position of the eye relative to the monitor. With an eye tracking or 

head tracking method to control the PTZ camera and with the position of the monitor 

and camera being fixed, it could be possible to estimate the relative position of the 

eye by determining the pan and tilt angles of the camera. Furthermore, the distance 

of the eye from the monitor could be estimated from features such as eye size. 

However, this method estimates the eye position based on the fixed four light 

sources producing the Purkinje reflections. I t  takes the centroid of the four light 

sources to represent the center of the monitor. This centroid is then used as a 

reference point with the pupil center to determine the difference in the x-axis and y- 

axis to produce rotation and elevation values. The distance of the eye from the 

monitor was fixed during data collection. The second assumption made is that the 

eye is a sphere with a known diameter. I f  we refer to Figure 6-1, we can see that 

the eye is not completely spherical, but instead a sphere with another rounded 

section on the surface making up the cornea. We set the value of the sphere to be 

24mm, as defined by [6] as being the average diameter of the human eye. This is to 

avoid measuring each individual user's eye prior to using the system as this would be 

time consuming and not practical.

Examining Figure 6-3 of the eye, we can determine the rotation, 8, and 

elevation, <p, as the following:

tand = —■ (9)

tan<p =  ^  (1 0 )
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where: dx is the distance between Px and |u4*+ul*| 

dy is the distance between Py and [“4y4u3y|

r  is the pupil radius 

When examining the eye in relation to the monitor, we can see the following:

ta n 6 = -^ -  (11)
D + r  v '

tUn<P=

where:D is the distance between the eye and monitor screen 

bx is the bias needed to be added along the x-axis 

by is the bias needed to be added along the y-axis

Rearranging and substituting (9) and (10) into (11) and (12) respectively, we get the 

following:

= (13)

d 4 )

When we substitute (13) and (14) into the equations for the method proposed by [6] 

and described in Chapter 2, we obtain the equations (16) and (18) for the eye gaze 

estimates:

Carnage = (15)

C — CRimage^w  bx ) bx r \  c \
Xg ~  1+ CR?im age

rpy — 2alh. ( \ j \
^  im a g e  \ L / )

(18)
1 +  im age
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monitor

Figure 6-3: Eye gaze diagram used to determ ine the rotation of the eye w here: r  is 
the estimated radius of the pupil, dx is the distance along the x-axis betw een the  x- 

coordinate o f the centroid created by the four Purkinje reflections and the x -  
coordinate of the pupil center, D is th e  distance between the user and th e  m onitor 

screen, g „  is the x-coordinate o f the  estim ated gaze point, gbx is th e  x-coordinate of 
the estimated gaze point w ith a bias correction added, and bx is th e  biased distance 

needed to be added to estim ated gaze point. The eye diagram used to  determ ine  
the elevation is sim ilar to the above w ith dx, gw, gbx, and bx replaced w ith  dyr gmy, 

gby, and by respectively to represent the  y-coordinate o f the  points.

6.4 Results

Using the data obtained in Chapter 4, a plot of the estimated eye gaze points 

with and without a bias compensation for each participant relative to the targets on 

the monitor screen is presented in Figure 6-4.

Eye Gaze Estimates With Bias Compensation
1600 

1400 

1200^

1>
*  1000i
o.
<D
1  8 0 0  

"s
8  600-0U)
1  400 
>

200

2%o------------- 0 500 1000 1500 2000
X-Axis Coordinate(pixels)

Figure 6-4: Eye gaze estimates for P I using 640x480  pixel eye images. Magenta 'x ' 
represent the original eye gaze estimates. Green 'x ' represent the  corrected eye  

gaze estim ates w ith  bias compensation.
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Table 6-1 presents the average reduction in RMSe for the eye gaze estimates 

of each participant for each target using 640x480 pixel resolution eye images.

Table 6-1: Table displaying the average reduction in pixels of the  RMSe along the x- 
axis, y-axis, and radial distance of participants P I through P5 using th e  proposed 
bias compensation method using 640x480  pixel eye image resolution. A negative

value expresses an increase in error.

Target
X-Axis

(px)
X-Axis
(m m )

Y-Axis
(px)

Y-Axis
(m m )

Radial
Distance

(px)

Radial
Distance

(m m )
l 179.8 46.55 170.4 43.81 255.5 93.23
2 79.3 20.53 200.7 51.60 198.0 72.25
3 95.3 24.67 184.4 47.41 204.5 74.62
4 182.1 47.15 155.8 40.06 242.1 88.34
5 -41.4 -10.72 104.0 26.74 26.6 9.71
6 140.8 36.45 74.7 19.21 156.2 57.00
7 92.7 24.00 83.6 21.49 130.1 47.47
8 94.6 24.49 77.0 19.80 126.7 46.23
9 198.0 51.26 78.7 20.23 182.9 66.74
10 32.8 8.49 56.1 14.42 58.4 21.31
11 86.1 22.29 -14.1 -3.63 39.5 14.41
12 81.9 21.20 -41.7 -10.72 22.7 8.28
13 98.7 25.55 -43.4 -11.16 37.9 13.83
14 182.0 47.12 -83.0 -21.34 46.2 16.86
15 12.3 3.18 -78.7 -20.23 -40.3 -14.71

Figure 6-5 is a box plot of the average RMSe of the radial distance of the 

estimated gaze point to the targets with and without bias compensation using 

different eye image resolutions. The data used for the box plot contain the average 

eye gaze estimate for all 15 targets for all participants. Each box represents the 

data using each eye image resolution.
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Figure 6-5: Box plots displaying the trend o f the average RMSe of the radial distance  
from the targets as eye image resolution increases. Data for each box plot consists 
of the average radial RMSe for each target of all participants. Each box represents a 

different eye image resolution used w ith  (yellow  box) or w ithout (b lue box) bias 
compensation where 1 = 200x150, 2 = 240x180, 3 = 320x240, 4  = 400x300 , 5 = 

500x375, 6 = 640x480, 7=  800x600 , and 8  = 1024x768 pixel resolution. Eye im age  
resolution box plots for eye gaze estim ates using bias compensation are denoted  

w ith n (ie . lb  =  bias compensation using 200x150 pixel resolution). The red line in 
the box denotes the median of the data. The top and bottom edges o f the boxes 

represent the 25th and 75th percentiles respectively. The black w hiskers represent 
the maximum and minimum data range, w hile the red crosses represent outliers.

Taking the average RMSe in the x-axis and y-axis for all the 15 targets for all 

participants and plotting box plots similar to that previously presented yields Figure

6- 6 .
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Figure 6-6: Box plots displaying the trend of the  average RMSe in (a )  x -axis and (b )  

y-axis as eye image resolution increases. Data for each box plot consists of th e  
average RMSe along the x-axis or y-axis for each target o f all participants. Each box 
represents a different eye im age resolution used w ith (yellow box) or w ithout (blue  

box) bias compensation where 1 =  200x150 , 2 = 240x180, 3 = 320x240 , 4 =  
400x300, 5 =  500x375, 6 = 640x480 , 7 =  800x600 , and 8 =  1024x768  pixel 

resolution. Eye image resolution box plots for eye gaze estim ates using bias 
compensation are denoted w ith n (ie . lb  = bias compensation using 200x150  pixel 

resolution). The red line in th e  box denotes the m edian of the data. The top  and 
bottom edges of the box represent the 25th and 75th percentiles respectively. The 
black whiskers represent the maximum and minimum data range, w hile  th e  red

crosses represent outliers.

Figure 6-7 shows the average pixel reduction in RMSe of the eye gaze estimates for 

all the participants of all targets using different eye image resolutions.

68



1 6 0 . 0

140.0

t= 100.0

80.0
«/>

60.0

40.0

20.0

0.0
200x150 240x180 320x240 400x300 500x375 640x480 800x600 1024x768

Eye Image Resolution (pixels)

Figure 6-7: The average pixel reduction o f RMSe along th e  x-axis (b lu e ), y-axis (re d ) 
and radial distance (green). A negative num ber denotes that there  w as an increase

in RMSe.

Figure 6-8 shows the average variance of error for original eye gaze 

estimates and bias compensated eye gaze estimates of all 15 targets for all 

participants using different eye image resolutions.
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Figure 6-8: Graph displaying the  average radial variance of error o f all targets  fo r all 
participants P I through P5 fo r d ifferent eye image resolutions. Blue line represents  
the original eye gaze estim ates w hile the  red line represents the  bias compensated

eye gaze estimates.
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Using the data obtained in Chapter 5 with participants in different head 

positions, plots of the average estimated gaze points relative to target points with 

and without bias compensation for participants PI through P5 are presented in Figure

6-9.

Figure 6-10 presents box plots of the RMSe along the x-axis and y-axis of the 

estimated gaze points of each target with and without bias compensation in each 

head position. The data used for the box plot contain the average eye gaze 

estimate of each target for all participants.
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Figure 6-9: Plots (a ) through (e )  show the mean eye gaze estimates fo r each target 
for participants P I  through P5 respectively for all tria ls  1 through 9. Target 

positions are represented by the  black circles. Original eye gaze estim ates for tria ls  
1 through 9 are represented as a blue 'x ' w hile eye gaze estim ates w ith  bias 

compensation are  represented by a red 'x'.
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Figure 6-10: Box plots displaying the average RMSe in the x-axis and y-axis fo r  
different head positions w ith (yellow  box) and without (b lue  box) bias 

compensation. Data for each box plot consists o f the average RMSe along the  x-axis  
or y-axis of all participants for each target. The red line in th e  box denotes the  

median of the data. The top and bottom edges of the  boxes represent the  25th and 
75th percentiles respectively. The black whiskers represent th e  m axim um  and 

minimum data range, w hile the red crosses represent outliers.

Table 6-2 displays the average pixel reduction in RMSe for the eye gaze estimates of 

each participant for the different head positions.
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Table 6-2: Table showing the average percentage in reduction o f the  RMSe along the  
x-axis, y-axis, and radial distance of participants P I through P5 using the  proposed 
bias compensation method for d ifferent head positions. A negative value expresses

an increase in error.

H ead Position X -A x is  (p x ) Y -A x is  (p x ) R adial D is ta n c e  (p x )
1 9.4 44.0 12.8
2 23.4 40.9 13.0
3 8.4 27.2 8.1
4 86.7 61.3 87.4
5 96.4 70.2 98.9
6 71.3 72.1 84.0
7 101.0 58.7 97.3
8 99.5 57.3 80.6
9 84.3 46.1 75.2

A vg ±  S td 64.5 + /- 39.3 53.1 + /- 14.7 61.9 + /-  38.7

6.5 Discussions

Plotting the uncompensated eye gaze estimates formed a cluster that was 

shifted to the right and up from the targets. The shifts were expected, as there was 

horizontal error from the participants being right eye dominant and vertical error 

from the camera being positioned below the monitor. Analyzing Figure 6-4, we can 

observe that the bias compensation method shifted the cluster of eye gaze estimates 

to the left and down from its original position when there was no bias compensation. 

This brought the average eye gaze estimate closer to the target location for most 

targets, but not all. For all participants, the average estimated x-coordinate was 

closer to the x-coordinate of the target except for targets 5, 10, and 15 (far right 

column), which were the three furthest targets on the right. Instead, for these 

targets, the eye gaze estimates were shifted further past the target point to the left. 

This could be characteristic of right eye dominant users if the right eye did not fully 

rotate so that the target was in their gaze line. Participants may have been relying 

more on peripheral vision, which would have allowed them to focus outside the 

center of gaze.
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The average y-axis coordinates varied between participants. In most cases, 

the eye gaze estimates were improved; however, there were occasions where the 

error had increased due to the bias compensation method. The largest increase in 

error of the y-axis coordinates occurred along the bottom row (targets 11 through 

15). This could be a result of the eye image not being truly coplanar with the 

monitor. The system setup has the camera lens angled upwards to capture eye 

images since it is positioned below the monitor. As the participant's eye moves to 

focus on the bottom row targets, the offset that is calculated becomes greater than 

needed and as a result, overcompensates the eye gaze estimate.

From Figure 6-5 and Figure 6-6, we can see that the radial, x-axis, and y-axis 

RMSe decreased for different eye image resolutions when using the bias 

compensation method. We can observe that the error trend had shifted down, 

showing that the error had decreased from the bias; however, there were still errors 

associated with using different eye image resolutions. Accuracy improvements also 

varied with different eye image resolutions. The bias compensation method 

improved the x-coordinate of the eye gaze estimate by an average of 99.3 + /- 30.6 

pixels (25.71 + /- 7.92mm) while also improving the y-coordinate of the eye gaze 

estimate by an average of 51.2 + /- 9.2 pixels (13.25 + /- 2.36 mm) for the eye 

image resolutions tested. The highest improvement radially occurred when using 

500x375 pixel eye images (reduced RMSe by 133.05 pixels /  48.55mm), while 

lowest improvements occurred when using 1024x768 pixel eye images (reduced 

RMSe by 49.5 pixels /  18.06 mm).

Analyzing Figure 6-8, we can see that the variance of the eye gaze estimates 

using different eye image resolutions with and without bias compensation are 

approximately the same. This shows that with the bias compensation, the accuracy 

of the eye gaze estimates can be improved; however, the precision does not 

increase.
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From Figure 6-9 we can see the cluster of average eye gaze estimates with 

bias compensation with the head in different positions had shifted to the left and 

down from the cluster of average eye gaze estimates without bias compensation. 

This demonstrates that the bias compensation method can be used with the user's 

head in different positions along the x-axis and y-axis. Analyzing

Figure 6-10 (a) through (j), we can observe the following:

• X-coordinate eye gaze estimates for targets 1, 3, and 4 improved with 

the bias compensation method. These targets were representative of 

the top left corner, center, and bottom left corner of the monitor screen 

respectively. For targets 2 and 5, the x-coordinate RMSe had increased. 

These targets represented the top right and bottom right corners of the 

monitor screen.

• Y-coordinate eye gaze estimates for targets 1, 2, and 3 improved with 

the bias compensation method, while there were increases with RMSe 

for targets 4 and 5.

These results are similar to what was observed in Chapter 5, where the 

estimation error increased as the distance between the target and dominant eye 

increased. Based on all head positions, the average reduction in RMSe of the x- 

coordinate was 64.5 + /- 39.3 (16.7 + /- 10.2mm) pixels and of the y-coordinate was 

53.1 + /- 14.7 pixels (13.7 + /- 3.8mm).

The bias compensation method allowed the eye gaze system to reduce some of 

the error without having users calibrate the system before use. However, not all the 

error was eliminated, which can be attributed to the assumptions that were made 

earlier in Section 6.3. The first assumption was: knowing the exact position of the 

eye. Since this was estimated based on reflections of the eye, the method only holds 

true if the eye is perpendicular to the center of the monitor. When the eye is located

76



elsewhere, degrees of rotation and elevation will change slightly since the center of 

the monitor is used as a reference and is no longer perpendicular to the eye. 

Nonetheless, this method can still provide a reasonable estimate to determine 

rotation and elevation values. The second assumption was: the eye is perfectly 

spherical with a known diameter. In reality, the surface is not perfectly spherical, 

but rather spherical-like with another rounded section on top that forms the cornea. 

Therefore, the reflection from the LED light sources, L I through L4, that lands off the 

cornea may not be the best representation of the corners of the LCD monitor, which 

would skew rotation and elevation angle estimates. I t  would also lead to errors 

when determining estimates using the cross-ratios method. An average diameter of 

the eye was also used to avoid measuring each individual's eye prior to use. This 

diameter will affect rotation and elevation values directly as smaller diameter eyes 

will have increased angles while the opposite would hold true for larger diameter 

eyes. Another error that may have been a factor with the bias compensation method 

is the index of refraction that occurs when light enters the eye. As light enters the 

cornea, it will slightly bend since it will be travelling from air, into the aqueous 

humour behind the cornea, through the lens, and once again through the aqueous 

humour behind the lens.

6.6 Conclusions

This chapter described a bias compensation method used to reduce the eye 

gaze estimation errors in the implemented system. This method involved 

determining the rotation and elevation of the user's dominant eye to correct for the 

fact that a user's gaze originates from the fovea and not at the surface of the pupil. 

Based on a sample of n=5, the method was able to reduce the average RMSe of the 

estimated x-coordinate by 99.3 + /-  30.6 pixels (25.71 + /- 7.92mm) and the 

estimated y-coordinate by 51.2 + /- 9.2 pixels (13.25 + /-  2.36mm) using the eight

77



different eye image resolutions tested. The method was also tested with data 

collected where user's heads were in different positions relative to the center of the 

monitor, giving favourable results where there was a reduction of average RMSe of 

the estimated x-coordinate by 64.5 + /- 39.3 pixels (16.7 +/- 10.2mm) and of the 

estimated y-coordinate by 53.1 + /- 14.7 pixels (13.7 + /-  3.8mm).
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7 Thesis Summary and Future Recommendations

Our main objective of this thesis was the implementation of a simple eye gaze 

tracking system that would be cost effective and versatile in non-cooperative 

environments. The main focus was to explore the effects of eye image resolutions 

and head movements on the system and also determine a method to eliminate the 

use of a personal calibration process before operating the system. Section 7.1 

summarizes the contributions drawn from this work and Section 7.2 presents 

recommendations for areas of future work.

7.1 Summary of conclusions

In this thesis, we implemented a simple low cost eye gaze tracking system 

using a single camera and five IR LED light sources. Eye gaze was estimated based 

on the cross ratios method. This system was implemented for approximately $2400 

USD, but could have been implemented for as low as $100 to $150 CAD, where both 

system costs are much more cost effective compared to commercially available 

systems on the market that range from $5,000 to $16,000 USD with the possibility 

of also being implemented for much less by choosing a different camera and 

eliminating the need for a frame grabber. With the system, we observed that there 

was some evidence to suggest that increasing eye image resolution above 640x480 

pixels may not provide large gains in accuracy. By increasing eye image resolutions 

from 240x180 pixels to 500x375 pixels, the average radial RMSe between the eye 

image resolutions was found to decrease only by 5 pixels (1.82mm). This provides 

some evidence that with a higher resolution camera tracking the user's head, the 

system can extract the eye from the image which would lower the resolution of the 

eye but would still consist of an image resolution suitable for eye gaze estimation. 

We also observed that when the top bridge of the user's nose was located 65cm
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away from the monitor, there was minimal affect on the accuracy of the system 

when there was head movement anywhere from 10cm to the right, 17cm to the left, 

5cm up, and 5cm down. This further reinforces the system can be invariant to head 

movement. The original implementation of the system by Yoo and Chung [1] 

required user's to perform a calibration routine prior to use to eliminate any biases 

contained in the system. For this thesis, a bias compensation method was 

implemented to eliminate the calibration routine. This method showed promising 

results when tested as the average RMSe of the x-coordinate was reduced by 64.5 

+ /- 39.3 pixels (16.7 + /- 10.2mm) while the y-coordinate was reduced by 53.1 + /- 

14.7pixels (13.7 + /- 3.8mm). These results can be compared with some of the 

previous systems mentioned in Chapter 2 in Appendix C.

7.2 Recommendations for future work

The focus of this research was to implement a low cost eye gaze system for 

non-cooperative environments. The effects of eye image resolution and head 

movement were also investigated and reported. During the research as well as the 

analysis process, several shortcomings became apparent that would be worthwhile to 

investigate further.

Z-Axis Head Movement

This research analyzed the effects of head movement with the eye gaze 

system; however, head movement was restricted to movement only in the x-plane 

and y-plane. In practice, the system will also need to accommodate movement 

along the z-plane. An investigation would need to determine the limitation of the 

system when the head would move forwards and backwards from the monitor 

screen. This could be implemented in a number of ways. One method could be to 

use a higher resolution camera and keep the camera with a farther field of view.
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Based on features in the image, the system could estimate the distance the head is 

from the camera. Eye features could then be extracted to estimate eye gaze. 

Another method could have the camera track the size of the user's head and 

automatically zoom in and out so that the eye always fills the boundary box in the 

image captured. Depending on the zoom information from the camera, this could be 

calibrated to relate to distance from the monitor.

High Resolution Camera

The eye images were synthetically generated from the camera's max image 

resolution of 640x480pixels to observe the effects of higher resolution eye images. 

Even though there was some evidence based on downsampling eye images to 

suggest that increasing the eye image resolution would provide minimal increase in 

accuracy, we cannot conclusively say that it will not. Therefore, tests with a higher 

resolution camera would need to be investigated.

Real Time Implementation

This research focused on an eye gaze system setup that was designed to 

capture eye images and process them offline. For practical applications, the system 

would need to be implemented in a fashion that allowed for real time processing. 

The application program was developed within a Matlab environment that does not 

lend itself well to real time applications despite being very convenient for our 

investigative purposes. Eye extraction speeds and efficiency from captured images 

need to be further investigated to determine if the single camera approach can pan, 

tilt, and zoom quickly enough to allow for smooth usage.
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Eye M odel Im p ro v e m e n ts

For the bias compensation method, we implemented a simple eye model 

based on a simple shape and population averages for the eye. An investigation 

looking into developing a method for estimating eye size, possibly based on the size 

of the iris, could be conducted. The eye could also be modeled as intersecting 

spheres to be more representative of the true shape of the eye. This could 

compensate any errors that may be related to skewing of Purkinje reflections in eye 

images when the eye is rotated.

L a rg er S am p le  S ize

This study had a sample size of n=5. Data from a larger sample of the 

population would need to be gathered to determine if the eye gaze system would 

behave similarly for different users based on gender, age, eye sizes, dominant eye, 

and known vision disorders. An investigation would also need to be conducted to 

determine if the system is applicable to user's wearing corrective eye glasses or 

contact lenses.
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Appendix A: The letter of inform ation  
and informed consent

Appendix A includes the letter of information and informed consent that was 

presented and signed by each participant prior to data collection.
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Eye Gaze Tracking Research 
Letter of Inform ation

® Carleton
UNIVERSITYE R S I T

Canada'* Capital Univarsity
D r .  A d r ia n  D .C . C h a n

Assistant Professor
Dept Systems & Computer Engineering

1125 Colonel By Drive 
Ottawa ON K1S 5B6

Principal Investigator
Dr. Adrian Chan 
Carleton University
Department of Systems and Computer Engineering
1125 Colonel By Drive
Ottawa ON K1S5B6
Tel: 613-520-2600 ext. 1535
Fax: 613-520-5727
E-mail: adcchan@sce.carleton.ca

Feedback
Participants may contact one of the investigators for consultation of any concerns they 
have about the research. In addition, participants can also request any publications and 
information about the final results or conclusions from the study.

Purpose

This research will involved eye gaze tracking and applications involving eye gaze 
tracking.

Eye gaze can be used as an alternative interface modality to typical input devices, such 
as keyboards, mice, and voice. Eye gaze technology could be beneficial for persons with 
high level physical disabilities. Eye gaze technology could also be used by everyday 
users to enhance or augment existing interfaces.

Procedure
The exact procedure will depend on the specific study being performed. Participants will 
be fully informed of the complete and exact procedures of the study they are 
participating in, prior to obtaining consent.
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The experimental component of this research consists of two stages: data collection and 
data processing. Only the data collection stage will require the presence of the subjects, 
as the data processing stage will be performed offline.
During the data collection stage, eye gaze tracking will be performed using infrared light 
and a video camera. The infrared light enables one to detect the pupil through the red 
eye effect and corneal reflections that provide a reference for eye position. The video 
camera is used to record the red eye effect and corneal reflections, and through image 
processing methods can determine eye gaze.

Participants will be asked to perform particular tasks. The nature of these tasks will be 
similar to one of the following:

1. remain with relatively still head position (a chin rest may be used)
2. gaze at different parts of a computer screen (this may be following a target or 

the subject may be free to selective gaze from a number of targets).

Participants may be asked some questions to ascertain some additional data, which may 
include:

1. age
2. sex
3. race/skin tone (the skin color can have a significant effect on some algorithms 

and therefore may need to be documented)
4. whether they have any known vision disorders
5. whether they have any known physical disabilities (if persons with high level 

physical disabilities are used in the research, information on the disability is

A data collection session will typically be around half an hour; however, may extend up 
to two hours, depending on the exact study being performed. Participants will be 
informed of the typical length of their particular study prior to the data collection 
session.

Some subjects may be asked to return for additional sessions but are in no way 
obligated to participate in these sessions.

Measurement Equipment and Risks 

Infrared light
During the data collection stage, eye gaze tracking will be performed using infrared light 
and a video camera. The infrared light enables one to detect the pupil through the red 
eye effect and comeal reflections that provide a reference for eye position.

required)
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Risks: Whenever light is being used to illuminate the eye, there is a risk of damaging 
eye sight. With infrared light, the light is beyond a person's visible spectrum and cannot 
be detected.

There is an associated risk with the use of light to illuminate the eye. The lighting 
equipment has been evaluated to ensure that it conforms to Class 1 requirements 
defined in IEC 60825-1 and ANSI- Z-136, which are laser safety standards. While 
infrared light will be provided using LEDs, there does not currently exist a commonly 
accepted safety standard for their usage. The laser safety standards are considered 
more rigorous than what would be required for LEDs, since lasers provide coherent that 
is strongly directional. A Class 1 laser is considered safe under all conditions of normal 
use (i.e. maximum permissible exposure cannot be exceeded).

Photographs/Video camera
A camera is used to record the red eye effect and comeal reflections, and through 
image processing methods can determine eye gaze. This may be in the form of 
photographs and/or videos.

Risks: While there is minimal risk in the use of a video camera, its use does 
compromise anonymity of subjects.

Photographs/video (conventional/digital) may be required to perform eye gaze tracking 
and to document portions of the study. Usage of these photographs/videos will be 
restricted to scientific reports, presentations, or publications. Note the participant's 
anonymity will maintained as best as possible; however, the usage of 
photographs/videos may compromise a participant's anonymity. The participant should 
be aware of this if consenting to the usage of photographs/videos.

Information on the participant's sex, age, race (differences in race, including skin tone 
may be important in this research), and the presence of known vision disorders or 
physical disabilities may be used. Data will be kept electronically and participant consent 
forms and information will be kept as a hardcopy. Access to the data will be restricted to 
the researcher investigators specified by the ethics committee. Data may be shared with 
research associates at other academic institutions (excluding photographs and video, 
unless the permission of the participant is given). Data may be kept for an indefinite 
period of time.

Potential Benefits
There are no direct benefits or remuneration for participants in this study.

Photoaraphs/Videos

Confidentiality
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Anonvmitv
Identity will be kept strictly confidential unless otherwise discussed with the researcher. 
Any scientific report, presentation, or publication of the data will refer to participants 
using a subject number; however, usage of photographs/video in publications will 
compromise anonymity.

Ethical review
This study has been reviewed and received ethics clearance though the Carleton 
University Research Ethics Committee in accordance to the Tri-Council Policy Statement 
for Ethical Conduct for Research Involving Humans. Participants with concerns or 
questions about their involvement in this study may contact the ethics committee chair.

Withdrawal
Participation in this study is strictly voluntary. Participants are free to withdraw from the 
experiment at any time and without any consequences.
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f Carleton
UNIVERSITY

Inform ed Consent cwidi1* capital university
D r ,  A d r ia n  D .C . C h a n

Assistant Professor 
Dept Systems & Computer Engineering 

1125 Colonel By Drive 
Ottawa ON K1S5B6

I , __________________________________have been invited by Dr. Adrian Chan, and his
research associates, of the Department o f Systems and Computer Engineering at 
Carieton University, Ottawa, ON to participate in a study on eye gaze tracking.

This research will involved eye gaze tracking and applications involving eye gaze 
tracking. Eye gaze can be used as an alternative interface modality to typical input 
devices, such as keyboards, mice, and voice. Eye gaze technology could be beneficial for 
persons with high level physical disabilities. Eye gaze technology could also be used by 
everyday users to enhance or augment existing interfaces.

Research undertaken as part of a graduate/undergraduate course requirement:
YES □  NOD

I f  YES specify course name and course number

Course Name 

C ourse N u m b e r

Research undertaken as part of a graduate or undergraduate thesis research:
YES □  NOD

Measurement Equipment and Risks 

Infrared light
During the data collection stage, eye gaze tracking will be performed using infrared light 
and a video camera. The infrared light enables one to detect the pupil through the red 
eye effect and corneal reflections that provide a reference for eye position.

Risks: Whenever light is being used to illuminate the eye, there is a risk of damaging 
eye sight. With infrared light, the light is beyond a person's visible spectrum and cannot 
be detected.

There is an associated risk with the use of light to illuminate the eye. The lighting 
equipment has been evaluated to ensure that it conforms to Class 1 requirements

B io m ed ica l Sensors and Signals Laboratory

88



Date of Ethics Approval: February 18, 2008
Clearance Expires: August 31, 2012______ Page 2 o f 4

defined in IEC 60825-1 and ANSI- Z-136, which are laser safety standards. While 
infrared light will be provided using LEDs, there does not currently exist a commonly 
accepted safety standard for their usage. The laser safety standards are considered 
more rigorous than what would be required for LEDs, since lasers provide coherent that 
is strongly directional. A Class 1 laser is considered safe under all conditions of normal 
use (i.e. maximum permissible exposure cannot be exceeded).

Infrared light will be used in this study: YES □  NO □

If YES, I acknowledge this requires the use of infrared light □

Photographs/Videos
A camera is used to record the red eye effect and corneal reflections, and through 
image processing methods can determine eye gaze. This may be in the form of 
photographs and/or videos.

Risks: While there is minimal risk in the use of a video camera, its use does 
compromise anonymity of subjects. Refer to the section on Anonymity for additional 
details.

Photographs will be used in this study: YES □  NO □

If YES, I acknowledge this requires the use of photographs □

Video will be used in this study: YES □  NO □

If YES, I acknowledge this requires the use of video □

Procedures
I  may be asked some questions to ascertain some additional data, which may include:

1. age
2. sex
3. race/skin tone (the skin color can have a significant effect on some algorithms 

and therefore may need to be documented)
4. whether I  have any known vision disorders
5. whether I  have any known physical disabilities

I  have been fully informed of the study that I  am participating in: YES □

I  have been informed in advance that the study session for the data collections will be:

□  approximately half an hour
□  approximately one hour
□  approximately two hours
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I may be asked to return for additional sessions, and will be informed of this at the end 
of the study session. I  am in no way obligated to participate in these additional sessions.

Should the experimenter note any unusual readings during the course of the 
experiment the study will be stopped immediately. The experimenter is not a 
physician and cannot make a medical diagnosis. I  will be asked to contact my 
family physician. The researcher will contact my physician in writing 
explaining why the experiment was stopped. I  may not return to the study or 
undertake any further experiments without the written consent of my 
physician.

Benefits
There are no direct benefits or remuneration for my participation in this study.

Confidentiality
Data will be kept electronically and my consent forms and information will be kept as a 
hardcopy. Access to the data will be restricted to the researcher investigators. Data may 
be shared with research associates at other academic institutions (excluding 
photographs and video, unless the permission of the participant is given). Data may be 
kept for an indefinite period of time. Information on my gender, age, race (differences 
in race, including skin tone may be important in this research), and the presence of 
known vision disorders or physical disabilities may be used. I understand that the data 
from this research will be used in scientific reports, presentations, and publications and 
my identity will remain confidential.

Anonymity
My identity will be kept strictly confidential unless otherwise discussed with the 
researcher. Any scientific report, presentation, or publication of the data will refer to me 
using a subject number; however, usage of photographs/video in publications will 
compromise anonymity.

Ethical review
This study has been reviewed and received ethics clearance though the Carleton 
University Research Ethics Committee in accordance to the Tri-Council Policy Statement 
for Ethical Conduct for Research Involving Humans. Should I  have any concerns or 
questions about my involvement in this study I  may contact the committee chair:

Professor Antonio Gualtieri, Chair 
Research Ethics Committee 
613-520-2517 
ethics@carleton.ca

B iom edica l Sensors and Signals Laboratory

90

mailto:ethics@carleton.ca


Date of Ethics Approval: February 18, 2008
Clearance Expires: August 31, 2012______ Page 4 o f 4

Withdrawal
Participation in this study is strictly voluntary. I  am free to withdraw from the 
experiment at any time and without any consequences. I will also declare if the 
researcher can/cannot use the data I have provided should I decide to withdraw from 
the study.

Consent for Participation in the Study
I  hereby agree to participate in this study and consent to the use of this research data in 
scientific reports, presentations, and publications with the understanding that my 
identity will remain confidential. I  have read and understand the above explanation of 
the research procedure and all my questions have been answered to my satisfaction. I  
understand that I  am free to withdraw from this research at any time and without any 
consequence.

Consent for PhotooraphsA/ideo
I  understand that photographs/video (conventional/digital) are required to perform eye 
gaze tracking and/or to document portions of the study. Usage of these 
photographs/videos will be restricted to scientific reports, presentations, or publications. 
I  understand that my anonymity will be maintained as best as possible; however, the 
usage of photographs/video will compromise my anonymity.

Photographs will be used in this study: YES □  NO □

If  YES photographs will be: CONVENTIONAL □  DIGITAL □

Video will be used in this study: YES □  NO □

If  YES videos will be: CONVENTIONAL □  DIGITAL □

I  give consent for photographs/video in this study to be used in scientific reports, 
presentations, or publications ( I  am aware that this will compromise my anonymity as 
hiding identity is such cases will be difficult): YES □  NO □
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Appendix B: Porta Test Protocol

Appendix B includes the Porta test protocol that was used to determine the dominant 

eye of each participant prior to data collection.

The following steps are used to determine each participant's dominant eye.

1. The participant is asked to sit 200cm away from monitor screen of the eye gaze system 

and extend their arm in front of them.

2. Now the participant is asked to align their thumb or index finger with a target that is 

shown on the screen while keeping both eyes open

3. Now the participant is asked to alternate closing and opening their left and right eye.

4. When the other eye is closed, whichever eye does not cause the thumb or index finger 

to appear off target is considered the dominant eye.
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Appendix C: System Comparison

Appendix C includes a table that compares the implemented system with some of the 

previous existing systems.
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Table C -l:  Table comparing the properties of the implemented system with those that have been previously been implemented 
in literature.

System # Cameras # Lights Head Movement Calibration
Accuracy (degrees) Distance From 

Monitor (mm)
Sample

SizeX-Axis Y-Axis Radial

Implemented 1 4 +10/-17cm x-axis 
+/- 5cm y-axis 0 5.06 4.63 6.80 650 5

Implemented w/ Bias 
Compensation 1 4 +10/-17cm x-axis 

+/- 5cm y-axis 0 3.60 3.43 4.90 650 5

tl] 2 2 200mm volume in 
X,Y, and Z direction 7 1.47 1.87 - 350 7

[6] 2 4 “significant head 
motion” 4 1.2 1.03 - 400-600 N/A

[15] 1 0 None 2 - - 0.5 500 3

[16] 2 2 N/A 0 - - 1.3 750 4

[23] 1 5 N/A 9 - - 0.91 600 5
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