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ABSTRACT

Nowadays, growing research developments on diagnostic eye tracker have been focused on the
video-based three-dimensional (3D) eye movements tracking. Nevertheless, acquisition system’s cost
factor, accuracy of measurements, and 3D visualization of tracking results are challenging issues
needed to be overcome in practical applications. In this thesis, an inexpensive real-time 3D eye
movements tracking and visualization system using two charge-coupled device (CCD) cameras has
been proposed. Center of mass (COM) and template matching algorithms have been employed to
detect two-dimensional (2D) coordinates of pupil and iris striation center. Direct Linear
Trarisformation (DLT) and lens undistortion algorithms are utilized to improve the accuracy of
tracking results. Real-time 3D visualization based on tracking results can then help clinicians
understand the characteristics of eye movements. Experimental results demonstrated that our system
had high accuracy as the average errors in horizontal, vertical, and torsional angular positions were
confined to 0.15°,0.14°, and 0.20°, respectively. Additionally, the lens undistortion algorithm was able
to reduce the errors in horizontal, vertical, and torsional angular positions up to 53.13%, 63.16%, and
57.45%, respectively. Inaccurately measuring radius of the eye affects horizontal and vertical angular
positions while torsional angular position is considered more robust to radius estimation error. Real-
time implementation shows that our system can be used in clinical routine to detect either voluntary or

involuntary human eye movements, particularly symptom of Benign Paroxysmal Positional Vertigo.
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To validate the system, we measure the accuracy using artificial eye mounted on gimbal system
[5). The artificial eye is moved on several positions based on 5 x 5 calibration points. Horizontal,
vertical and torsional coordinates are then measured for each position. The computational results and
artificial eye positions are then compared to observe the system’s accuracy. The system is also tested

in human subjects to show real-time and practical implementation.

1.3 Thesis Outline

The remainder of this thesis is organized as follows:

Chapter 2 presents an overview of human eye anatomy, vestibular system, several types of eye
movements disorder, and reviews of diagnostic eye movements tracking. The reviews include
hardware and algorithms for detecting the eye movements, advantages and disadvantages of each

method.

Chapter 3 describes the eye movements tracking methods. In this chapter, we present hardware
configuration of our eye movements tracking system and also image processing algorithm used to

compute 3D eye movements. Experiment procedure will be described briefly in this chapter.

Chapter 4 provides experimental results. The performance of the system is observed using
artificial eye and gimbal system. We also evaluate the effect of lens aberration toward the accuracy of
eye movements measurement. The system latency will be discussed in this chapter. Experimental

results on real human subjects are presented to show real-time and practical implementation.

Chapter 5 summarizes the main contributions of this thesis and suggestion for future work.



Chapter 2

Literature Reviews

This chapter presents an introduction about vestibulo-ocular system, eye movements system, eye
movements disorder, and reviews of diagnostic eye movements tracking. For further reading and more
information, the reader can refer to the book clinical ophthalmology [12], eye movements disorder

[13], and eye tracking methodology [14].

2.1 An Overview of Vestibulo-Ocular System

Figure 2.1 presents an overview of the inputs and outputs characterizing human movements. Part
A consists of inputs for human movements generated by hearing system, vision system, balance
system, proprioception (the sense of the relative position of neighbouring parts of the body), smell,
and taste. These inputs will give stimulations to central processing system (part B). Human brain will
produce necessary outputs transformed into head, eye, and limb movements (part C). Furthermore,
these outputs will help part A produce the next inputs for human brain. In this study, we limit our

review on the relation between balance (vestibular) system and eye (ocular) movements.

Eye movements are one of the most accessible human characteristics for scientific investigation.
The eye is an object with negligible inertia and only three pairs of extraocular muscles control its

orientation and movement.
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Figure 2.1 Diagram of inputs and outputs characterizing human movements



An eye essentially displays a ball-in-socket behavior and is thus restricted to only 3DOFs (rotatory
degree of freedoms). By comparison, 24 muscles and tendons have to be taken into consideration

when simple walking movements in the 2D sagittal plane are modeled [15].

The second reason for concentrating on the vestibulo-ocular system is the tremendous
importance of eye movements in the diagnosis of neurological, ontological, and ophthalmologic
disorders. Since eye movements control involves many areas of the brain, any improvement in our
understanding of the balance system and of the execution of eye movements can have a direct effect

on the understanding, diagnosis, and treatment of a number of diseases.

2.1.1 Anatomy of Human Eye

The eye is suspended in a cone-shaped orbit by a fibrous sac of fascia called Tenon’s capsule. The
eye is rotated by six muscles: four rectus muscles and two oblique muscles, as shown in Figure 2.2.
The four recti and the superior oblique (SO) arise from the apex of the orbit. The inferior oblique (I0)
muscle arises from the inferior nasal aspect of the orbit. The four rectus muscles insert into the sclera
anterior to the equator of the globe: the medial rectus (MR) muscle on the nasal side, the lateral rectus
(LR) muscle on the temporal side, the superior rectus (SR) muscle on the superior side and the
inferior rectus (IR) muscle on the inferior side. The SO and 10 muscles approach the globe from its
anterior and medial aspect and insert posterior to the equator of the globe. The SO muscle first passes
through the trochlea before inserting on the superior side of the globe. The IO inserts on the temporal
side. The tendons of the rectus extraocular muscles pass through sleeve-like pulleys that lie within the
peripheral Tenon’s capsule. These pulleys limit side-slip movement of the rectus muscles during eye

rotations [16].

Mecdial rectus(MR)

Lateral rectus(I.R)
Inferior rectus(IR) 7

Inferior oblique(10)

Figure 2.2 Eyeball with six muscles [17]
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Figure 2.3 Eye movements rotation on three axes [13]

Figure 2.3 shows how the single eye rotates related to three axes. Abduction occurs about the
y-axis and is away from the median plane. Adduction occurs about the y-axis and is toward the
median plane. Elevation occurs about the x-axis and is an upward rotation of the eye. Depression
occurs about the x-axis and is a downward rotation of the eye. Incyclotorsion occurs about the z-axis
so that the upper pole of the eye rotates toward the median plane. Excyclotorsion occurs about the z-
axis so that the upper pole of the eye rotates away from the median plane. Table 2.1. explain several
eye movements produced by the six extraocular muscles. The LR and MR muscles will produce
abduction and adduction about the y-axis. The SR and IR muscles generate elevation and depression

about the x-axis. Finally, the SO and IO produce incyclotorsion and exyclotorsion related to z-axis.

Table 2.1 Eye movements produced by six extraocular muscles

Extraocular Muscles Eye Movements
Lateral rectus (LR) Abduction
Medial rectus (MR) Adduction
Superior rectus (SR) Elevation
Inferior rectus (IR) Depression

Superior Oblique (SO) Incyclotorsion

Inferior oblique (I0) Excyclotorsion
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Figure 2.4 The horizontal view of eyeball

The horizontal view of eyeball is depicted in Figure 2.4 [12]. The axial length of the normally
sighted eye is approximately 24mm. Measuring posteriorly along the surface from the limbus, the
anterior termination of the sensory retina lies at 8mm, the equator at 16mm and the posterior pole at
32mm. The eyeball has three main layers. The outer fibrous supporting coat in front, is the clear
cornea which is continuous with the white opaque sclera behind. The middle vascular coat or uvea
consists of the choroid, the ciliary body and the iris which has a central opening or pupil. The inner
sensory coat, the retina, has a multi-cell layered neural membrane and a single celled outer
membrane, the pigment epithelium. A fenestrated opening in the sclera 1.5mm in diameter and 3mm
medial to the posterior pole transmits the fibres of the optic nerve, mainly the axons of the ganglion
cells of the retina. The lens is a transparent structure, suspended immediately behind the iris by fine
fibres, forming the zonule or suspensory ligament, which runs from the surface of the ciliary body to

the periphery of the lens [12].

2.1.2 The Vestibular System

The vestibular system provides a short latency connection between our head movements and the
compensatory eye movements to keep a clear vision [13]. The central processing system, composed of
vestibular nuclei and cerebellum, processes information from vestibular system in conjunction with
other sensory inputs (somatosensory and visual) providing accurate information about the position
and movement of the head in space. The outputs of central processing system go to the six ocular
muscles and to the spinal cord to serve two vestibular reflexes: the Vestibulo-Ocular Reflex (VOR)
and the Vestibulo-Spinal Reflex (VSR). The primary function of the VOR is to maintain gaze stability

during head movements while the VSR affects whole-body equilibrium by facilitating and inhibiting
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skeletal extensor muscle activity. Through very short latency connections between the vestibular
system, central processing system, and the six extraocular muscles, head movements can be

compensated within as little as 5-8ms.

Figure 2.5 shows the anatomy of vestibular system. The vestibular system is composed of
specialized hair cells, three semicircular canals, and otoliths. The hair cell is the basic sensory element
of vestibular system. Present in the sacculus, utricle, and the cristae of the semicircular canals, the hair
cells transduce mechanical force into electrical nerve action potentials. The semicircular canals are
approximately orthogonal to each other, and are called the horizontal lateral semicircular canal, the
superior semicircular canal, and the posterior semicircular canal. The primary function of the
semicircular canals is to sense angular acceleration of the head. The semicircular canals are
maximally sensitive to high frequency motion, such as motion that occurs during locomotion. Each
canal is maximally sensitive to movement in the plane of that canal. The otoliths consist of utricle and
sacculus. The otoliths are responsible for detecting linear acceleration of the head. The sacculus
detects vertical linear accelerations of the head in the sagittal plane and the utricle responds to
horizontal plane linear accelerations. The information from the utricle dominates the eye movement
response, whereas information from the saccule seems to be mainly used for postural control [18].
The otoliths are also sensitive to tilts of the head with respect to gravity. The otoliths are most

sensitive to lower-frequency motion, such as motion that occurs while standing in place.

Superior

Inferior } Ganglia scarpae

Three

semicircular _<

canals

Vestibular nerve

Figure 2.5 Anatomy of vestibular system
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2.2 The Eye Movements System

The Eye Movements System

|
[ I
Hold images of a target Direct the fovea to
steady on retina an object of interest
Fixation Vestu%lg?lécx)cular Optokinetic Saccades Smooth-Pursuit Vergence

Figure 2.6 The eye movements system

Figure 2.6 shows the eye movements system that can be functionally divided into those that hold
images of a target steady on the retina and those that direct the fovea onto an object of interest. The
former category includes (1) the fixation system; (2) the Vestibulo-Ocular Reflex (VOR); and (3) the
optokinetic system. The latter category includes (1) the saccadic system; (2) the smooth pursuit
system; and (3) the vergence system. Small amplitude of eye movement can be measured by a minute
of arc or arcminute (MOA) unit. MOA is a unit of angular measurement, equal to one sixtieth (1/60)
of one degree. Since one degree is one three hundred sixtieth (1/360) of a circle, IMOA is 1/21,600 of

the amount of arc in a closed circle.

The fixation system holds the image of a stationary object on the fovea when the head is
immobile. Reading involves fixating on a successive location across the page or screen. Visual
fixation is never perfectly steady. Fixational eye movements occur involuntarily. The term "fixation"
can also be used to refer to the point in time and space of focus rather than to the act of fixating.
Normal fixation consists of three distinct types of physiological miniature movements that are not
detectable by the naked eye: microsaccades, microdrift, and microtremor. Microsaccades are
miniature saccades that have amplitude of less than 26MOA, with average amplitude of 6MOA. They
occur at a mean frequency of approximately 120Hz. Microsaccades have no known function and are
considered superfluous to visual perception. Microdrift consists of smooth eye movements that occur
at a velocity of less than 20MOA per second. They are necessary to prevent the image of a stable
object from fading. Microtremor is continuous, high-frequency ocular motor activity that underlies
both microdrift and microsaccades. Microtremor occurs at a frequency of 50-100Hz. Its average

amplitude is <IMOA (usually 5-30sec of arc) and is much smaller than the amplitude of

microsaccades.
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The Vestibulo-Ocular Reflex (VOR) stabilizes retinal images during head motion by counter-
rotating the eyes at the same speed as the head but in the opposite direction. Information about head
motion passes from the vestibular sensors in the inner ear to the VOR circuitry within the brainstem,
which computes an appropriate eye velocity command. The eyes, confined in their bony orbits,
normally do not change position, and their motion relative to the head is restricted to a change in
orientation. However, the head can both change position and orientation relative to space. Thus, the
function of the VOR is to generate eye orientation that best compensates for changes in position and
orientation of the head. Because the drive for this reflex is vestibular rather than visual, it operates

even in darkness.

Optokinetic eye movement is induced reflexively by motion of a large visual scene, which causes
an illusionary sensation of self-rotation (circularvection) in the opposite direction. The function of the
optokinetic system is to supplement the angular VOR. Whereas the angular VOR responds best to
brief, high-frequency head rotation, the optokinetic system maintains retinal image stability during

sustained, low-frequency rotation.

Saccades are fast conjugate eye movements that move both eyes quickly in the same direction, so
that the image of an object of interest is brought on the fovea. Saccades can be made not only toward
visual targets, but also toward auditory and tactile stimuli, as well as toward memorized targets.
Saccades can be generated reflexively, and they are responsible for resetting the eyes back to the mid-
orbital position during vestibulo-ocular or optokinetic stimulation. Saccades need to be fast to get the
eyes on the target as soon as possible. Saccades are the fastest type of eye movements and they are
among the fastest movements that the body can make. Saccade speed is not under voluntary control
but depends on the size of the movement, with larger saccades attaining higher peak velocities. It has

been estimated that human eye yields more than 100,000 saccades per day.

Smooth pursuit consists of conjugate eye movements that allow both eyes to smoothly track a
slowly moving object so that its image is kept on the foveae. For example, smooth pursuit eye
movements are used when the eyes track a child on a swing. Humans have both smooth pursuit and
optokinetic eye movements, but pursuit predominates. When the eyes track a small, moving object
against a detailed stationary background, such as a bird flying against a background of leaves, the
optokinetic system will try to hold the gaze on the stationary background, but it is overridden by

pursuit.
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Vergence eye movements shift the gaze point between near and far, such that the image of a
target is maintained simultaneously on both fovea. Unlike other eye movement systems, vergence
movements are disjunctive, meaning that the eyes move in opposite directions. To move from a far to
a near target, the eyes converge (i.e., rotate toward the nose) so that the lines of sight of the two eyes
intersect at the target. To aim at a target farther away, th;a eyes diverge (i.e., rotate toward the
temples). When the target is located at optical infinity, the lines of sight are parallel. During deep
sleep, deep anesthesia, and coma, the eyes diverge beyond parallel, indicating that eye alignment is
normally actively maintained by the brain because the orbits, in which the eyeballs are located, are
divergent. Vergence eye movements are very slow, lasting 1s or longer. One reason for this may be
that vergence, unlike saccades, is driven by visual feedback, which normally takes at least 80ms.
Another reason may be that the speed of vergence movements is limited by how fast the lenses change

shape (accommodation) and how fast the pupils constrict [13].

2.3 The Eye Movements Disorder

This section explains some eye movements disorders. The eye movements disorders comprise of
nystagmus and saccadic dyskinesia. Nystagmus consists of involuntary oscillations of the eyes that
are initiated by slow eye movements. Figure 2.7 shows several types of nystagmus. If both phases are
slow eye movements, it is called pendular nystagmus, as shown in Figure 2.7 (A). If one phase is a
saccade (quick phase), which alternates with a slow phase, it is called jerk nystagmus, as shown in
Figure 2.7 (B, C, and D). Although the fundamental defect in nystagmus is an imbalance of slow eye
movements that drives the eyes off their target, the direction of nystagmus is conventionally named in
the direction of the corrective quick phases that return the eyes toward their target. The slow-eye-
movement imbalance may due to defects in the vestibulo-ocular, smooth pursuit, optokinetic, or gaze-

holding systems, or rarely in the vergence system.

A. Pendular nystagmus B. Decreasing velocity waveform
Slow phaser {both directions) Slow phase Quick phase
Position /\/\/\/\/ Position
Time Time
fenage]
C. Increasing velocity waveform D. Constant velocity waveform
Posiion _AAAAAA Posiion A AL AN
Time Time

Figure 2.7 Several types of nystagmus [13]
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Saccadic dyskinesia includes saccadic intrusions and oscillations. These are abnormal fast eye
movements that drive the eyes away from their target and disrupt visual fixation. Involuntary fast eye
movements that intermittently take the fovea off a target are called saccadic intrusions, whereas
sustained abnormal fast eye movements are called saccadic oscillations. Some saccadic intrusions and
oscillations have an interval between sequential saccades (e.g., square wave jerks, macro-square wave
jerks, square wave oscillations, macrosaccadic oscillations), whereas others do not. The presence of
an intersaccadic interval signifies the integrity of both pause cells that stop saccades and the neural

integrator that sustains eye position between saccades. Saccadic dyskinesia usually occurs with

lesions of the cerebellum or brainstem.

Figure 2.8 shows several types of saccadic intrusions and oscillations. Figure 2.8 (A) shows
square wave jerks. This type consists of a small saccade of 0.5-3° that takes the eye away from
fixation, followed by a saccade that returns the eye back to the fixation after about 200ms. Figure 2.8
(B) shows saccadic pulse. This type of saccadic dyskinesia has some burst of saccades with defective
steps of innervations. Figure 2.8 (C) shows square wave oscillations. This type is similar to square
wave jerks, but they occur continuously rather than sporadically. Figure 2.8 (D) shows macrosaccadic
oscillations. This type consists of a series of large saccades that straddle fixation (i.e., passing from
one side to the other side of the target), overshooting it each time without foveation of the target. The
intersaccadic interval of macrosaccadic oscillations is 200ms when the eye is stationary in the

eccentric position.

A. Square Wave Jerks B. Saccadic Pulse
Right Right
0 L. - -
- Nad 0
Left 1 sec
. Left
- . e e e oo e o
C. Square Wave Oscillations D. Macrosaccadic Oscillations
Right Right
S i S W e Y
Left 1sec

Figure 2.8 Several types of saccadic dyskinesia [13]
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Chapter 4

Experimental Results

In this chapter, system validation and implementation results are presented. Initially, a camera

calibration procedure was performed to obtain intrinsic, extrinsic, and lens distortion parameters of

the camera. Next, artificial eyeball and gimbal system were used in in vitro system validation.

Computational time was also measured to investigate real-time performance. Finally, the system was

implemented on human to detect voluntary and involuntary eye movements.

4.1 System Validation

The camera calibration results were shown in Table 4.1 and Table 4.2 as follows:

Table 4.1 Calibration result of camera 1

Parameter

Value (pixels)

Focal Length
Principal Point
Distortion coefficients

Rotation Matrix

Translation Vector

a, =437.537; &, =479.815
x,= 160.800 ; y, = 146.644

k= -0.476785 ; k, = -0.200641 ; p, = -0.011297; p, = -0.001822

099 -0.09 0.10
R ={-0.11 -096 025
0.07 -026 -0.96

T=[3%4 949 -4631]

Table 4.2 Calibration result of camera 2

Parameter Value (pixels)
Focal Length o, =428.224 ; &, =466.388
Principal Point x,=175.369 ; y, = 149.405

Distortion coefficients

Rotation Matrix

Translation Vector

k=-0.126796 ; k,=-0.721747 ; p, = -0.003700; p, = -0.032267

099 -0.07 0.8
R =|-0.08 -097 022
0.06 -023 -0.97

T,=[-1062 1077 -46.:74]
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The intrinsic and extrinsic parameters of the camera were measured in pixels unit. Focal length in
x and y directions are denoted as , and &, , respectively. Principal point is denoted by coordinates
(xo,yo) . Radial distortion coefficients are k, and k,, while tangential distortion coefficients are
p, and p,. The extrinsic parameters consist of rotation and translation matrices which are denoted as

matrix R and matrix T, respectively.

4.1.1 Effect of Lens Undistortion

The effect of lens undistortion algorithm was verified using artificial eyeball and gimbal system.
The artificial eyeball was rotated in horizontal and vertical angles with excursion ranging £20° at steps
of 10°. At each point, five different angular torsional positions were made, resulting 125 unique
positidns consisted of horizontal-vertical-torsional (HVT) values. At each unique position, 5 images
were acquired using dual cameras system to ensure the accuracy of measurement. The average of
horizontal, vertical, and torsional values were then computed from 5 images and defined as the

measured HVT value for each unique position.

Figure 4.1 illustrates the results of calibration target validation from distorted and undistorted
lens. Ideal calibration angle is denoted by “O”. Actual angles determined from software pfocessing
are denoted by “+” and “X” for distorted and undistorted lens, respectively. A close proximity
between ideal calibration angle and actual angle was proven by low degree of error. Furthermore, the
lens undistortion algorithm was able to improve horizontal and vertical tracking accuracy, particularly
at the eccentric positions as shown at (-20°, 20%), (-20°, -20%), (-20°, 10%), (-20°, -10%), (20°, 10°),
(20°,-10°), and (20°, -20°).

Validation Result of Eye Movement (Distorted) Validation Rasult of Eye Movemeant (Undistorted)

o G @ O @ O © O ® ® ®
g ® & ©® ©® o T O ® ® @
ot ® ® ® ® @ fEr® ® ® O © ]
= =
2ol ® ® @ ® 60{f g & ©® ©® O ;

2 @ G @ @ @ & O ® O ®

2 0 0 0 P 2 o o 10 n
Horizontal Movement (degree) Horizonta! Movement (degree)
(a) Distorted Lens (b) Undistorted Lens

Figure 4.1 Results of calibration target validation tested using artificial eyeball
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Figure 4.2 Torsional error in horizontal and vertical excursions

The effect of lens undistortion algorithm for torsional measurement was also investigated as

shown in Figure 4.2. Each torsion value for the graphical plots was obtained by computing absolute

mean of torsional angular error from five different torsional settings at each calibration target position.

The ideal torsional angular error was plotted as a plane graphical plot at zero angle while the actual

error was plotted above it. Figure 4.2 (a) shows absolute means of torsional error of distorted lens

(max. value = 0.87°, min. value = 0.17°). Figure 4.2 (b) shows absolute means of torsional error of

undistorted lens (max. value = 0.49°, min. value = 0.06°). The experimental data demonstrates that the

lens undistortion algorithm improved the accuracy of torsional measurement at each calibration target

position significantly. The error in torsional angular position was primarily caused by incorrect

placement of the iris template due to lens distortion.

Table 4.3 Absolute mean of error of distorted and undistorted lens (in degrees)

Method Horizontal Vertical Torsional
Distorted Lens 0.32 0.38 047
Undistorted Lens 0.15 0.14 0.20

Table 4.4 Absolute standard deviation of error of distorted and undistorted lens (in degrees)

Method Horizontal Vertical Torsional

Distorted Lens 0.24 0.26 0.30
Undistorted Lens 0.14 0.14 0.18
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Statistical representations of horizontal, vertical, and torsional values taken from 125 unique
points are presented in Table 4.3 and Table 4.4. Error reduction & after lens undistortion was

computed using the following formula:

= |Mean‘dislorled - IMeanl .
|Mean

d % 100% 4.1)

distorted

The lens undistortion algorithm was able to reduce the errors in horizontal, vertical, and torsional

angular positions up to 53.13%, 63.16%, and 57.45%, respectively.

The performance of our system was also compared to single camera method proposed in [5] as
similar in vitro validation test was also used in our research. The statistical comparison results are
shown in Table 4.5 and Table 4.6. By adjusting the camera manually using four equidistant infrared
reflections, the single camera method provided high accuracy in horizontal (mean = 0.20°,
S.D. = 0.14 °), vertical (mean = 0.30°, S.D. = 0.16°), and torsional (mean = 0.38°, S.D. = 0.28 )
angular positions. Small translational misalignment of the camera which led to geometric distortion
was found to influence the tracking’s error on single camera method. In our study, we used a new
method to reduce the error caused by geometric distortion and lens aberration using 3D coordinates
extraction and lens undistortion algorithms. The experimental results reveal that our system exhibited
better performance in horizontal (mean = 0.15°, S.D. = 0.14°), vertical (mean = 0.14°,S.D. =0.14"),
and torsional (mean = 0.20°, S.D. = 0.18") angular positions compared to single camera method.
Complete validation results of our method for distorted and undistorted lens are shown in Table 4.7

and Table 4.8, respectively.

Table 4.5 Absolute mean of error of single camera & dual cameras methods (in degrees)

Method Horizontal Vertical Torsional
Single Camera + Marker Array 0.20 0.30 0.38
Our Method (Dual Cameras, Undistorted) 0.15 0.14 0.20

Table 4.6 Absolute standard deviation of error of single camera & dual cameras methods (in degrees)

Method Horizontal Vertical Torsional

Single Camera + Marker Array 0.14 0.16 0.28
Our Method (Dual Cameras, Undistorted) 0.14 0.14 0.18
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Degrees Torsion -20 (right) -10 (right) / 0 10 (left) 20 (left)
Hor. Vert. Tor. Hor. Vert. Tor. Hor. Vert. Tor. Hor. Vert. Tor. Hor. Vert. Tor.
20 (down) 20 (CCW) -19.98 19.64 20.71 -10.80 20.14 19.59 0.36 20.17 20.39 10.74 20.08 19.70 19.80 20.90 20.90
10 (CCW){ -20.58 20.28 10.51 -9.85 19.54 10.60 0.19 19.75 9.82 9.46 19.56 9.49 19.63 20.80 10.98
0 -19.98 20.27 -0.37 -10.26 19.95 0.62 0.59 19.88 -0.21 10.04 19.97 -0.29 20.61 19.93 0.90
-10(CW)| -19.43 20.95 -10.98 -9.79 2097 -1046 0.14 2002 -10.28 10.41 20.38  -10.53 19.70 20.70  -10.70
-20(CWwW)| -20.50 20.93 -19.53 | -10.28 20.06  -19.65 0.64 2030  -20.69 10.76 20.52  -20.27 | 20.67 2040  -20.88
10 (down) 20 (CCW); -20.68 9.53 20.37 -9.89 10.10 20.79 0.40 9.99 20.17 9.90 10.60 20.90 19.86 9.62 20.90
10 (CCW){ -20.03 9.62 9.89 -10.32 9.89 10.69 -0.02 9.78 10.46 9.93 9.70 9.90 2043 10.80 9.08
0 -20.27 10.37 0.90 -9.98 9.61 0.66 -0.09 10.24 -0.43 9.97 10.15 -0.21 20.40 10.36 0.14
-10(CW)| -19.59 9.47 -9.78 -10.07 1029  -10.00 0.71 10.59  -10.36 10.51 10.71 -9.61 20.43 10.80 -9.98
-20(CwW)| -20.20 9.47 -20.72 -9.40 9.62 -19.92 0.71 10.75  -19.45 9.87 10.16  -20.70 19.84 1040  -19.01
0 20 (CCW)| -20.04 -0.90 19.84 | -10.20 -0.60 20.26 0.36 -0.06 19.99 10.68 -0.45 20.97 19.50 -0.70 20.90
10 (CCW)[ -20.80 -0.58 9.93 -10.47 -0.21 10.22 0.03 -0.02 9.96 9.94 -0.91 10.04 19.48 -0.51 10.90
0 -19.98 -0.03 -0.38 -9.99 -0.13 -0.07 0.00 0.00 0.00 9.49 0.07 0.50 20.46 0.64 0.80
-10 (CW){ -19.53 -0.41 -10.37 | -10.04 -0.43 -10.12 -0.12 -0.24 -9.84 9.50 -0.01 -9.52 19.56 0.40 -9.50
20 (CW)| -19.71 -0.01 -20.32 -9.70 -0.20 -20.68 -0.35 -0.20 -19.90 10.02 -0.13 -20.27 19.97 0.53 -20.47
-10 (up) 20(CCW)| -20.06 -10.18 20.41 -1044  -10.81 19.87 0.13 -10.75 19.74 9.85 -10.31 20.90 20.70  -10.80  20.89
10 (CCW)| -19.73 -9.80 10.07 | -10.03  -10.36 10.41 -0.05 -10.21 9.93 10.45 -9.92 9.57 20.80 -10.72  10.98
0 -19.54 -10.49 0.74 -9.93 -9.92 -0.02 -0.01 -10.19 -0.23 9.88 -10.12 0.46 19.60  -10.26 0.08
-10(CW)| -20.32 -9.77 -10.27 -9.80 -9.80 -9.94 -0.05 -9.65 -10.32 10.58  -10.03 -9.70 19.78  -10.72  -9.09
<20 (CW)} -19.20 -9.44 -20.90 | -1042 -9.98 -19.76 -0.20 -9.65 -19.70 10.21 -10.34  -20.18 | 2025 -10.26  -20.99
-20 (up) 20 (CCW) -20.38 -19.49 20.90 -9.97 -20.05 20.90 0.74 -20.70 19.64 9.99 -20.47 19.01 2080  -19.90  20.98
10 (CCW)| -19.79 -20.49 9.98 -9.71 -20.42 10.50 0.55 -20.56 10.76 10.05  -20.32 9.49 20.58  -19.78 10.90
0 -19.92 -20.12 0.41 -10.04  -20.15 -0.13 0.47 -19.47 -0.39 10.13 -20.10 0.70 19.89  -19.80 0.72
-10 (CW)| -20.08 -19.80 £10.20 | -10.28  -19.33 -9.68 -0.44 -19.12 -9.30 10.69 -1990 -10.50 | 20.18 -19.59 -10.10
=20 (CW)| -20.67 -19.48 -1995 | -10.14 -20.80 -19.98 -0.30 -19.94  -20.27 1024  -2030  -20.87 19.57  -19.10  -20.89




Table 4.8 Horizontal, vertical, and torsional validation result of undistorted lens (in degrees)

90

Degrees Torsion =20 (right) -10 (right) 0 10 (left) 20 (left)
Hor. Vert. Tor. Hor. Vert. Tor. Hor. Vert. Tor. Hor. Vert. Tor. Hor. Vert. Tor.
20 (down) 20 (CCW)| -19.97 20.19 19.72 | -10.03 20.06 20.22 0.88 20.00 20.36 10.35 19.83 20.12 19.90 19.99 20.58
10 (CCW)| -20.11 19.92 10.13 -9.88 20.02 10.56 0.09 20.23 10.25 10.30 20.26 10.19 20.43 20.39 9.51
0 -20.06 20.26 0.39 -10.06  20.05 0.52 -0.13 20.13 0.05 10.18 20.21 0.04 20.08 19.76 0.16
-10 (CW){ -19.95 19.82 -10.21 -9.98 20.05 -10.14 -0.20 19.91 -10.28 10.15 20.07 9.82 19.44 19.76  -10.78
=20 (CW)| -20.02 20.00 -20.36 | -10.14 2042 19.96 -0.05 20.06  -20.02 10.18 20.04 19.66 20.15 20.62  -20.46
10 (down) 20 (CCW)| -20.03 10.19 19.94 | -10.02 10.17 19.95 0.12 10.21 20.10 10.27 9.95 20.35 20.17 10.24 19.52
10 (CCW)} -20.06 9.95 10.31 -9.91 10.05 10.01 0.07 10.25 10.19 10.20 9.83 10.44 20.15 9.78 10.31
0 -20.23 10.26 -0.90 -9.91 10.05 0.30 -0.04 9.94 0.03 9.97 9.97 0.32 20.21 10.11 0.09
-10(CW)| -20.14 10.14 -10.31 | -10.01 10.00 -9.97 -0.19 10.02  -10.06 9.65 10.14 -9.96 20.03 10.04 -9.87
=20 (CW)| -20.01 9.99 -20.66 | -10.06 9.98 -20.00 -0.09 10.10  -20.58 10.34 9.76 -20.21 | 20.19 1025  -19.67
0 20 (CCw)| -20.14 -0.38 20.54 | -10.02 -0.11 20.18 0.36 0.06 19.99 9.90 0.23 19.78 20.35 0.08 19.91
10 (CCW){ -20.28 -0.16 10.11 -10.07 -0.01 10.08 0.03 -0.02 9.96 9.94 0.08 10.10 20.04 0.28 10.02
0 -19.93 -0.26 0.15 -10.04 0.04 -0.29 0.00 0.00 0.00 9.89 0.08 -0.29 20.19 -0.10 0.22
-10 (CW)| -19.89 -0.25 -10.26 | -10.12 -0.24 -10.14 -0.12 -0.24 -9.84 10.28 -0.15 -10.22 19.87 -0.19 -9.91
20 (CW)| -19.95 -0.38 -19.97 | -10.16 -0.17 -20.02 -0.35 -0.20 -19.90 10.34 -0.57  -19.71 | 20.28 -0.56  -20.07
-10 (up) 20 (CCW)| -20.29 -10.00 20.01 -10.21  -10.08  20.06 0.08 -10.05  20.06 1045  -10.00  20.42 2039  -10.19 19.88
10 (CCW)| -20.28 -10.27 10.59 | -10.08  -10.09 10.12 0.06 -10.10 10.01 10.10  -10.06 9.98 20.19 -9.94 10.19
0 -20.22 -10.05 -0.33 -10.31 -9.98 0.37 0.03 -9.91 -0.19 10.09 -9.98 0.20 20.08 -10.06  -0.18
-10(CW)| -19.72 -10.23 -10.29 | -10.34  -10.19  -10.02 -0.05 -9.94 -10.02 10.10 -10.04  -10.09 | 20.11 -9.87 -10.44
-20 (CW)| -20.34 -10.34 22043 | -10.05 -10.08 -20.01 -0.09 -10.86  -19.91 10.09 -9.98 -19.46 | 2008 -10.07 -20.26
=20 (up) 20 (CCW)| -20.06 -20.07 19.95 -10.13  -20.14  20.05 0.05 -19.90 19.97 10.08 -19.95  20.23 2029  -20.14  20.21
10 (CCW)| -20.36 -19.86 10.06 | -10.09  -20.05 10.10 0.05 -20.01 10.08 10.09  -19.94 10.48 20,04  -1996 10.10
0 -19.90 -20.10 0.38 -10.09  -19.92 0.02 0.09 -20.32 -0.09 10.08  -19.95 0.10 2010 -19.79  -0.54
-10 (CW)| -19.95 -20.42 -10.37 -9.91 -20.01  -10.11 -0.01 -19.99  -10.09 10.54 -19.79 -9.78 2049  -20.00 -10.04
-20 (CW)| -19.90 -20.00 -19.82 | -10.05 -19.8¢  -20.01 -0.04 22020  -20.04 10.13  -19.56 -19.90 | 20.06 -20.03 -20.27
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4.1.2 Effect of Inaccuracy in Measurement of Physical Parameters of The Eye

The effect of inaccuracy in measurement of physical parameters of the eye was simulated.
The experiment was conducted five times using normal (unbiased), overestimated (5% and 10% bias
factors), and underestimated (-5% and -10% bias factors) eyeball radius. The data was collected from
125 unique positions of calibration target. The statistical results are shown in Table 4.9 and
Table 4.10. Figure 4.3 shows the error related with determining horizontal, vertical, and torsional
angular eye positions as the measurement of the eyeball radius provided to the algorithm was biased
up to £10%. The 3D angular positions of the eye were found to be affected by inaccuracy of
measuring eyeball radius. For example, if the eyeball radius was underestimated by a factor of 10%,
error in determining eye position increased in both horizontal (mean = 2.09°, S.D. = 0.95°) and
vertical (mean = 2.04°, S.D. = 0.96°) positions. In the other side, error in determining torsional eye

position (mean = 0.22°, S.D. = 0.18°) was more robust and only slightly influenced by the 10%

underestimated eyeball radius.

Table 4.9 Absolute mean of error for simulation of

inaccuracy in measuring eyeball radius (in degrees)

Bias (%) Eyeball Radius (mm) Horizontal Vertical Torsional
-10 13.50 2.09 2.04 0.22
-5 14.25 0.89 0.94 0.21
0 15.00 0.15 0.14 0.20
5 15.75 1.14 1.04 0.19
10 16.50 1.99 1.98 0.22

Table 4.10 Absolute standard deviation of error for simulation of

inaccuracy in measuring eyeball radius (in degrees)

Bias (%) Eyeball Radius (mm) Horizontal Vertical Torsional
-10 13.50 0.95 0.96 0.18
-5 14.25 0.44 043 0.18
0 15.00 0.14 0.14 0.18
5 15.75 0.56 0.52 0.17

10 16.50 0.87 0.89 0.15
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Figure 4.3 Experimental error produced by inaccuracy in measuring eyeball radius.

Table 4.11 and Table 4.12 show 3D angular positions result of undistorted lens with 5% and 10%
overestimated eyeball radius, respectively. Table 4.13 and Table 4.14 show 3D angular positions
result of undistorted lens with 5% and 10% underestimated eyeball radius, respectively. The angular

measurement was based on right-handed coordinate system.



Table 4.11 Horizontal, vertical, and torsional validation result of undistorted lens (in degrees, bias: 5%, eyeball radius = 15.75 mm)
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Degrees Torsion -20 (right) -10 (right) 0 10 (left) 20 (left)
Hor. Vert. Tor. Hor. Vert. Tor. Hor. Vert. Tor. Hor. Vert. Tor. Hor. Vert. Tor.
20 (down) 20 (CCW)| -18.78 18.66 20.14 -1.74 18.15 20.02 0.13 18.31 19.92 8.99 18.96 20.56 18.15 18.03 20.11
10 (CCW)| -18.65 18.37 10.09 -8.87 18.70 9.98 0.69 18.79 10.23 8.95 19.10 9.89 18.75 18.97 10.10
0 -18.07 18.68 -0.17 -8.86 18.80 -0.16 -0.26 18.83 0.36 9.36 19.15 0.59 18.96 18.14 0.68
-10(CW)Y| -19.17 19.03 -10.06 -8.58 18.58 -10.62 -0.19 18.68  -10.25 8.81 18.93 -10.04 18.92 18.76  -10.01
20(CW)! -19.03 18.96 -20.12 -8.96 18.51 -20.30 -0.36 1920  -20.70 9.09 19.21 -19.94 18.84 18.35  -20.11
10 (down) 20(CCW)| -18.13 8.98 20.23 -8.14 8.59 20.18 0.01 8.70 20.12 9.00 9.23 20.15 18.86 8.81 20.00
10 (CCW)| -18.12 8.28 10.05 -8.57 8.54 9.98 -0.43 8.89 10.52 8.55 8.71 9.84 18.21 8.46 10.02
0 -19.19 8.33 0.15 -8.64 8.57 0.31 -0.21 9.15 -0.02 9.09 9.12 0.26 18.89 8.27 -0.26
-10(CW)| -18.30 8.36 -10.02 -8.63 8.79 -10.25 -0.51 9.07 -9.97 8.58 8.94 -10.02 18.40 8.57 -9.94
20 (CW)| -18.83 8.81 -20.13 -8.49 9.19 -19.90 -0.15 9.14 -20.02 8.54 8.91 -20.04 18.49 8.44 -20.05
0 20 (CCW)| -18.02 -0.28 19.89 -8.26 0.49 20.32 0.08 0.12 20.49 9.28 0.22 20.08 18.75 0.31 20.05
10 (CCW)| -18.78 -0.21 10.16 -8.22 0.21 10.24 0.03 0.05 9.92 9.11 0.04 10.09 18.65 0.12 10.01
0 -18.04 -0.04 0.30 -8.58 -0.29 0.04 0.00 0.00 0.00 9.14 -0.14 -0.26 18.04 0.04 0.67
-10(CW) [ -18.35 -0.22 -9.72 -8.88 -0.30 -10.24 -0.09 -0.44 -10.12 9.19 -0.32 -10.02 18.01 -0.46  -10.07
20 (CW)| -18.40 -0.21 -20.06 -8.12 -0.05 -20.19 -0.02 -020 -19.96 8.94 -0.02 -20.04 18.20 -0.18  -20.11
-10 (up) 20(CCW)| -18.05 -8.27 20.13 -9.00 -9.51 19.95 0.67 -9.01 20.08 8.90 -8.92 19.70 18.20 -8.77 20.23
10 (CCW)| -18.82 -8.52 10.40 -8.95 -8.50 9.95 0.04 -8.00 10.15 8.67 -8.99 9.97 18.08 -8.87 10.00
0 -18.84 -9.13 0.45 -8.56 -8.53 -0.60 0.09 -9.03 0.31 9.02 -8.80 0.22 18.87 -9.04 0.12
-10 (CwW)| -18.13 -8.43 -9.62 -8.04 -8.44 -9.98 -0.12 -8.70  -10.06 8.75 -8.78 -10.10 18.50 -8.71 -10.04
220 (CW)| -1852 -9.02 -20.05 -8.51 -9.22 -20.17 -0.06 -8.97 -20.11 8.81 -8.66 -20.18 18.72 -8.19  -20.08
<20 (up) 20(CCW)| -18.74 -18.89 20.31 -8.95 -19.41 20.46 1.11 -1896  20.18 8.97 -20.92  20.51 1889 -1822  20.04
10 (CCW)| -18.00 -18.72 9.87 -8.37 -18.70 10.13 0.31 -18.94 9.97 9.09 -19.13 10.25 18.41 -18.82  10.10
0 -18.83 -18.13 -0.39 -8.54 -18.41 0.04 0.64 -19.40 -0.19 8.86 -19.15 0.01 19.04  -18.43 0.50
-10(CwW)| -18.83 -18.85 -9.43 -8.26 -1835s  -10.20 -0.34 -18.99 -9.42 8.96 -18.98  -10.52 1842  -18.58  -9.96
20 (CwW)| -18.83 -18.60 -20.30 -8.07 -18.14  -20.19 -0.33 -19.03  -20.21 8.57 -18.75  -19.54 18.61 -1797 -20.28




Table 4.12 Horizontal, vertical, and torsional validation result of undistorted lens (in degrees, bias: 10%, eyeball radius = 16.50 mm)
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Degrees Torsion -20 (right) -10 (right) 0 10 (left) 20 (left)

Hor. Vert. Tor. Hor. Vert. Tor. Hor. Vert. Tor. Hor. Vert. Tor. Hor. Vert. Tor.

20 (down) 20(CCW)] -17.05 17.02 20.23 -7.70 17.90 20.41 0.23 18.21 20.65 7.56 17.78 20.64 17.71 17.82 19.84
10 (CCW)| -17.45 17.47 10.30 -7.79 17.25 10.19 0.25 17.84 9.87 7.40 17.85 9.83 17.35 17.88 10.29

0 -17.34 17.07 -0.21 -7.24 17.61 -0.39 0.10 17.18 0.45 7.46 17.52 0.14 17.53 17.60 0.07
-10(CW)| -18.05 17.12 -10.01 -7.70 1740  -10.22 0.77 17.43 -10.37 7.24 18.31 -10.25 18.04 17.82  -10.01
20 (CW)| -17.47 17.18 -19.93 -7.51 17.31 -20.26 0.32 17.12 -19.77 7.91 17.85  -20.54 17.93 17.49  -20.51

10 (down) 20(CCW)| -18.18 7.80 20.19 -7.38 7.39 20.29 0.40 7.43 19.77 7.16 7.05 20.06 17.53 7.77 20.25
10 (CCW)| -17.68 7.90 10.01 -7.94 7.64 10.18 0.12 8.29 10.29 7.68 7.94 10.37 17.71 7.74 10.22

0 -17.24 7.67 0.32 -7.25 7.54 0.19 0.12 8.29 -0.36 7.49 7.68 0.28 17.61 7.51 0.11

-10(CW) [ -17.22 7.64 -9.80 -7.42 7.34 -10.17 0.12 7.30 -9.90 7.44 7.96 -10.04 17.81 7.66 -10.21
20 (CW) [ -17.54 7.81 -19.90 -7.38 7.34 -20.26 0.54 7.84 -20.38 7.29 7.73 -19.88 17.96 7.30 -20.14

0 20 (CCw)| -17.30 0.39 20.03 -7.17 0.37 19.97 0.01 0.18 20.22 7.99 0.52 20.39 17.64 0.51 20.26

10 (CCW)| -17.18 0.11 10.30 -7.46 0.26 10.16 0.15 0.30 10.36 7.90 0.31 10.33 17.86 0.14 10.30

0 -17.46 -0.34 0.08 -1.72 0.43 0.70 0.00 0.00 0.00 7.43 0.18 -0.09 17.30 0.76 -0.13
-10 (CW)| -17.48 -0.14 -10.22 -8.08 -0.34 -9.72 -0.40 0.24 -10.01 7.68 -0.19  -10.11 17.49 0.45 -10.15
20(CW)Y{  -17.92 -0.15 -19.89 -7.17 -0.37 -19.97 -0.08 0.13 -19.70 7.56 -0.32 -20.02 17.65 -0.47  -20.11

-10 (up) 20(CCW)| -17.43 -7.96 20.20 -7.27 -7.22 20.19 0.65 -7.29 20.20 7.54 -7.90 20.19 17.86 -1.77 19.74
10 (CCW)| -17.40 -7.47 10.10 -7.84 -7.82 10.27 0.39 -7.42 9.72 7.25 -7.46 10.15 17.85 -7.49 10.24

0 -17.40 -7.55 0.18 -7.61 -7.43 0.01 -0.28 -8.07 -0.22 7.23 -8.12 0.26 17.74 -7.74 0.22
-10(CW)| -17.91 -7.09 -10.21 -7.49 -7.65 -10.03 -0.32 -8.05 -10.01 7.64 -1.77 -9.94 17.86 <722 -10.02
20 (CW)| -17.22 -7.77 -20.30 -7.88 -7.68 -20.20 -0.67 -7.61 -20.21 7.56 -1.73 -19.72 17.70 -7.38  -20.10

<20 (up) 20 (CCW)| -18.06 -17.42 19.97 -1.97 -17.13 20.40 0.59 -17.52 19.72 8.04 -17.88  20.20 1734  -17.38  19.80
10 (CCW)| -17.24 -17.70 10.23 -7.66 -17.65 10.06 -0.60 -17.42 10.48 7.56 -17.66 10.60 18.19  -17.87 10.17

0 -17.25 -17.07 -0.05 -8.09 -17.34 0.29 -0.83 -17.33 0.23 8.00 -18.06  -0.14 1776  -17.30 -0.21
-10(Cw)| -18.08 -17.61 -10.43 -1.77 -17.24  -10.51 -0.09 -17.23  -10.04 7.29 -17.24  -10.22 1737  -17.67 -10.56
20(CW)| -17.88 -17.21 -20.58 -7.68 -17.85  -20.30 -0.34 -18.08  -20.29 7.17 -17.58  -20.02 17.69 -17.43  -19.85




Table 4.13 Horizontal, vertical, and torsional validation result of undistorted lens (bias: -5%, eyeball radius = 14.25 mm)
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Degrees Torsion -20 (right) -10 (right) 0 10 (left) 20 (left)

Hor. Vert. Tor. Hor. Vert. Tor. Hor. Vert. Tor. Hor. Vert. Tor. Hor. Vert. Tor.

20 (down) 20 (CCW)| -21.38 21.62 20.05 | -11.12 2095 2041 0.13 21.25 19.73 11.05 21.07 20.11 21.12 21.05 20.02
10 (CCW)| -20.80 21.06 10.51 -11.02  21.08 10.22 0.05 21.04 10.02 11.20 20.90 10.40 | 21.96 21.05 9.81

0 -21.26 21.11 -0.20 -11.01 20.80 0.02 0.05 21.25 0.16 11.10 21.02 -0.09 20.80 21.04 -0.28

-10 (CW)| -20.55 21.58 -10.01 | -11.14  21.51 -10.11 0.07 21.06 -10.18 10.88 21.11 -10.03 | 2L.10 21.16 -9.91

=20 (CW)| -20.96 21.40 -20.10 | -11.23  21.64  -20.28 0.39 2136 -20.37 11.42 2127  -20.10 | 21.09 21.07  -20.11

10 (down) 20 (CCW)! -21.02 11.76 20.24 | -10.88 11.19 20.25 0.11 11.04 19.73 11.05 11.23 20.15 21.86 11.24 19.91
10 (CCwW)| -21.08 10.83 10.10 | -11.05 11.39 10.29 0.17 11.05 9.89 11.07 11.15 9.86 21.20 11.18 9.71

0 -21.38 10.93 0.35 -11.02 11.36 -0.28 0.24 11.03 0.26 11.19 11.02 0.36 21.15 11.18 -0.18

-10 (CW)| -20.68 11.15 -10.00 | -11.07 11.26 -9.85 0.20 11.19  -10.16 10.80 11.00 -9.91 21.09 11.05  -10.03

-20 (CW)| -20.63 11.43 -20.48 | -10.91 1072  -19.89 0.17 11.09  -20.01 11.24 11.15  -2098 | 21.74 11.21  -19.95

0 20 (CCW)| -20.65 0.25 2036 | -11.29 0.15 20.67 0.32 0.20 20.05 11.30 0.04 19.91 21.22 0.21 19.95

10 (CCWwW)}  -20.22 0.10 10.33 -10.57 0.17 9.95 0.18 0.04 10.13 10.82 0.05 10.16 21.26 0.19 10.24

0 -20.79 0.29 0.38 -11.02 -0.03 0.29 0.00 0.00 0.00 11.05 0.03 0.30 21.51 -0.08 -0.09

-10(CW) ! -21.24 -0.35 -10.02 | -10.96 -0.24 -10.20 -0.25 -0.35 -9.97 11.31 -0.06  -10.10 | 20.65 -0.22  -10.14

=20 (CW)| -20.93 -0.30 -20.39 | -11.29 -0.10 -20.98 -0.36 -0.11 -20.14 10.93 -0.06  -20.13 | 20.75 -0.13  -20.67

-10 up) 20(CCW)| -21.19 -10.88 1994 | -11.03 -11.04  20.09 0.28 -11.20 19.91 11.19  -11.21  20.16 21.57 -11.03 2032
10 (CCW)| -21.16 -10.61 10.59 | -11.00 -10.76 10.39 0.12 -11.14 9.95 11.50 -11.04 10.38 2146  -11.21 9.98

0 -21.26 -11.10 -0.16 -10.71  -11.20 0.30 0.09 -11.09 0.06 11.38  -11.26 0.20 21.41 -11.10 0.07

-10 (CW)| -20.97 -11.54 -10.39 | -10.97 -1098 -10.07 0.17 -11.17  -10.10 1122  -11.27  -1026 | 21.09 -11.13  -9.89

20 (CW)| -21.25 -11.50 -20.66 { -10.45 -11.17  -20.44 0.13 -11.18  -19.97 1080 -1120 -20.21 2151 -11.15 -20.21

=20 (up) 20 (CCW)| -21.10 -21.03 20.21 -11.02 -21.26  20.20 0.37 -21.03  20.36 11.13  -21.09  20.07 2085 -21.10 20.29
10 (CCW)| -21.05 -21.02 9.95 -11.06 -21.09 10.11 0.02 -21.06 10.00 11.14  -21.06 9.76 21.30 -21.19  10.02

0 -20.72 -21.02 -0.24 -1045  -21.08 0.16 0.22 -21.24 0.41 11.02  -21.06 0.07 2091  -21.04 0.08

-10(CW)| -21.08 -21.04 -1020 | -10.87 -21.11  -10.16 0.17 2111 -10.32 11.15  -21.15 -9.75 2095  -21.08 -10.04

=20 (CW)| -21.06 -21.23 -20.52 | -11.09 -21.19  -20.01 0.04 -21.04  -20.29 11.14  -21.03  -20.59 | 20.61 -21.06  -20.04




Table 4.14 Horizontal, vertical, and torsional validation result of undistorted lens (bias: -10%, eyeball radius = 13.50 mm)
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Degrees Torsion -20 (right) -10 (right) 0 10 (left) 20 (left)
Hor. Vert. Tor. Hor. Vert. Tor. Hor. Vert. Tor. Hor. Vert. Tor. Hor. Vert. Tor.
20 (down) 20 (CCW)| -23.09 23.04 20.34 | -1244  22.03 20.37 0.57 22.59 19.87 12.38 22.43 20.22 22.79 22.30 20.20
10 (CCW)| -23.11 22.46 10.27 | -12.36  22.69 10.59 0.03 22.40 10.38 12.10 23.07 10.35 22.81 2243 10.34
0 -22.62 22.12 -0.11 -1244 22,04 0.34 -0.03 22.40 0.03 12.22 2246 -6.09 22.27 22.02 0.01
-10(CW)| -22.05 22.14 -10.58 | -13.08 2245 -10.19 -0.60 22.67 -10.09 12.09 22.06 -9.92 22.94 23.03  -10.20
20 (CW)| -2230 22.09 -20.66 | -13.14 22.01 -20.05 -0.71 2242  -20.31 12.98 2260  -20.12 | 22.53 22.83  -20.05
10 (down) 20 (CCW)| -22.55 12.86 20.25 | -12.26 12.60 20.20 0.52 12.82 20.21 13.11 12.76 20.10 22.33 13.01 20.20
10 (CCW)| -22.30 13.02 10.27 { -12.06 12.37 9.81 0.08 12.23 10.19 13.17 12.13 10.09 23.18 12.92 10.11
0 -22.31 12.56 0.28 -12.86 12.69 0.11 -0.23 12.36 0.22 13.12 13.19 -0.61 22.63 12.32 -0.06
-10 (CW)| -22.14 12.33 -10.39 { -12.93 12.17 -10.65 -0.39 1236  -10.08 13.65 12.71 -10.20 | 2291 13.12  -10.30
20 (CW)| -22.77 12.77 -20.12 | -12.48 1243 -20.10 -0.36 1242 2046 12.84 12.83 -20.00 | 22.23 1227  -19.94
0 20 (CCW)| -22.33 0.19 20.09 | -12.14 0.25 20.27 0.10 0.06 19.95 13.06 0.50 20.35 22.74 0.39 19.76
10 (CCW)| -22.88 0.19 9.85 -12.03 -0.30 10.30 041 0.07 10.03 12.75 0.14 10.16 22.72 0.17 10.05
0 -22.27 0.06 0.29 -12.34 -0.14 0.05 0.00 0.00 0.00 13.31 0.30 -0.42 22.76 0.04 -0.01
-10(CW) | -22.89 -0.04 -10.34 | -12.06 -0.56 -10.32 0.22 -0.19 -10.27 12.24 0.10 -10.80 | 22.68 0.09 -10.09
20 (CW)| -2243 -0.28 -20.18 | -12.77 -0.11 -20.03 -0.03 -0.06 -20.02 12.76 -0.43 -20.10 | 22.52 -0.57  -20.45
-10 (up) 20 (CCW)} -22.09 -12.32 20.59 | -12.51  -12.73 19.99 0.45 -12.19  20.39 1299 . T -1244 2039 22,79  -1292  19.73
10 (CCW)| -22.48 -12.54 9.91 -1220 -12.64 9.98 0.50 -13.02 9.82 1266 -12.14 10.26 2283 -12.69 1031
0 -22.80 -12.57 0.35 -1197 -13.08 0.16 -0.22 -12.93 0.04 1233 -1248 0.29 22.81 -12.41 0.10
-10(CW)| -22.06 -12.07 -9.86 -12.04 -1234  -10.15 -0.59 -12.86  -10.29 1215  -12.32  -10.30 | 2222 -1256  -10.11
20(CW)| -22.22 -12.08 2012 | 1242 -1250  -19.77 -0.21 -1243  -20.58 1246  -12.03 -19.96 | 2215 -1231 -19.83
220 (up) 20 (CCW); -22.25 -22.59 2049 | -12.34 -2236  20.40 0.95 -22.80 19.90 12.41 -22.60  20.71 2262  -22.31 19.87
10 (CCW)} -23.20 -22.01 1040 | -12.92  -22.84 10.39 0.29 -22.99 10.03 1217 -22.97 9.91 2233 -22.03 9.61
0 -22.09 -22.30 -0.20 -1247 -22.22 0.30 0.09 -22.73 0.01 12.57 -22.13 0.12 22.01 -22.18 0.45
-10(CW)| -22.15 -22.98 -10.09 | -12.43 2215  -10.04 -0.16 22276  -10.14 1225 2313 -10.16 | 22.03 -2223 -10.60
=20 (CW) [ -22.96 -22.31 -19.97 | -1209 -22.14 -20.00 -0.09 22235  -20.08 1208 -22.08 -1990 | 2258 -22.18 -20.38




4.2 Computational Time

97

The computational time was observed to verify whether the eye movements tracking and

visualization system could be used in real-time measurement. Computational time of single frame

processing was measured by computing average processing time from 1500 frames. The experiment was

performed using personal software and hardware with specifications as follows:

1. Intel® 2 Quad CPU Q6600 @ 2.4 GHz
Windows XP® Service Pack 3

R

RAM 2.00 GB
4. EasyCap® Analog to Digital Converter
5. Image Resolution 320 x 240

Table 4.15 shows processing time for individual steps. The total response time to process single

video frame is 40.38ms. Thus, the system can be used for real-time processing with average sampling

rate 25 frame per second (fps) which is useful for clinicians in the diagnosis of several vestibular

disorders.

Table 4.15 Processing time for single video frame

Processing Step

Duration (ms)

Frame Grabbing

Lens Undistortion

Pupil Tracking

Iris Striation Tracking

3D Extraction, Angular Measurement, & Visualization

Total Time

4.52
10.32
8.88
16.06
0.6

40.38




98

4.3 Practical Implementation on Human

4.3.1 Voluntary Eye Movements

In this experiment, 10 healthy participants without any history of vertigo were involved.
The participants consisted of 6 males and 4 females with various ages and physical parameters of the
eye. The ages of the subject were ranging from 24 to 45 years old with average value 29.7 + 7.6 years
old. The minimum and maximum measured iris diameters were 11lmm and 13mm with average value
11.08 + 0.7mm. The minimum and maximum measured eyeball diameters were 24.5mm and 32mm with

average value 28.6 + 1.9mm. The data of participants in this experiment is shown in Table 4.16.

The smooth pursuit and fixation tests were performed on the right eye in vertical and horizontal
directions. The results are presented in Figure 4.4 — Figure 4.11. The visual stimulus was denoted as
dashed lines while the eye movement was denoted as solid lines. Figure 4.4 — Figure 4.7 show the result
of vertical and horizontal smooth pursuit tests. As expected before, the participants were able to follow
the target as the target moved up-down in vertical direction (10° amplitude and period 2s) and right-left
in horizontal direction (20° amplitude and period 2s). Some errors occurred due to eye blinking such as
shown in Figure 4.6 (subject # 5, frame 770-780). Figure 4.8 — Figure 4.11 show the result of vertical
and horizontal fixation tests. The experimental data shows that it was difficult for the participants to
follow a fast changing target in fixation. A delay about 4-8 frames (160-320 ms) occurred betwee: the

visual stimulus and the eye movement.

Table 4.16 Data of participants in voluntary eye movements experiment

Subject Sex (M/F)  Age (years) Iris Diameter (nm) Eyeball Diameter (nm)

i M 24 13 29
2™ F 26 12.5 28.5
34 F 25 13 29
4" F 27 1.5 275
5" M 30 12 27.5
6" M 24 12 31
7™ F 26 11 28
g" M 26 11 32
9" M 45 1 29
10" M 44 1.5 24.5
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e Visual Stimulus
Eye Movement

[degrees] 0-
Subject # 1

1
58600 5620 5840 5660 5680 5700 5,720
[frames)

5740 5760 5780

20
10
[degrees] 0
-10

Subject # 2

560 510 520 530 540 550 5860 SiU 580 Séﬂ 600 51.0 B20 B30 B4D 650 BBO 670 630
[frames]

Subject # 3

460 410 420 430 440 450 460 470 480 4§0 500 51'0 520 530 540 550 560 370 580
[frames]

[degrees] SUbjECt #4

300 920 940 950 980 1,600 1,020 1,040 1_660 1,080

[frames]

[degregs] -
Subject#5

104
.20

2,000 2,020 2,040 2,060 2,080 2,100 2120 2,140 2,160 2180

[frames]

Figure 4.4 Result of vertical smooth pursuit test for subject # 1-5



100

—emrmemes Visual Stimulus
Eye Movement

[degrees] Subject # 6

900 920 940 960 980 1000 1020 1040 1060 1,080
[frames]

[degrees) Subject # 7

800 610 620 B30 640 650 650 670 B8O 690 700 710 720 730 740 750 760 770 780 780

[frames)

[degrees]) Subject # 8

700 710 720 730 740 750 760 770 780 790 800 §10 820 830 840 850 S60 870 880 8Y0

[frames])

[degrees]
Subject# 9

500 510 520 530 540 550 560 570 560 590 600 610 620 630 640 650 660 670 580

[frames])

[degrees] Subject # 10

400 410 420 430 440 450 460 470 480 480 500 510 520 530 540 550 560 570 580 590

[frames]

Figure 4.5 Result of vertical smooth pursuit test for subject # 6-10
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———— - Visual Stimulus
Eye Movement

10
degrees] o N\
[deg ] Subject # 1

1,700 1,720 1,740 1A7‘BU 1,780 1,800 1,820 1,840 1,860 1,880>
{trames]

20-
10
[degrees] o

Subject # 2

600 610 620 630 B40 650 G50 670 B8O 690 700 710 720 730 740 750 760 770 780
[frames)

20

10

[degrees] o+
-10

-20

Subject # 3

400 410 420 430 440 450 460 470 480 490 500 510 520 SéD 540 55;0 560 570 580 590

[frames]

20
10
[degrees] o
-10- ’
-20

800 610 520 630 640 650 660 670 630 £AD 700 710 720 730 740 750 760 770 780

[frames]

20

10

[degrees} 0
-10

=204

Subject#5

L

600 610 &20 €30 640 650 6EO 670 620 690 700 710 720 730 740 750 760 770 780 790

[frames])

Figure 4.6 Result of horizontal smooth pursuit test for subject # 1-5
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—mm e Visual Stimulus
Eye Movement

[degrees] Subject # 6
.T L L 1 L] LS 1] ¥ L3 k3 ! 1 L] 1 L] T ) N 1]
500 510 520 530 540 550 560 570 580 590 GO0 610 620 630 640 650 660 670 680 690
[frames]
degrees
(degrees] Subject #7
500 510 520 530 540 550 560 570 580 590 600 610 620 630 640 650 650 670 580 690
[frames]
[degrees] Subject # 8
700 710 720 730 740 750 760 770 780 790 600 810 820 830 840 850 B60 870 B8O 89D
{frames]
degrees
ldeg ] Subject # 9
400 410 420 430 440 450 460 470 480 480 500 510 520 530 540 550 560 570 580 500
[frames])
[degrees]

Subject # 10

1,600 1,620 1,640 1,660 1,680 1,7'00 1,720 1,740 1,760 1,780

[frames]

Figure 4.7 Result of horizontal smooth pursuit test for subject # 6-10



103

e Visual Stimulus
Eye Movement

degrees
ldeg ] Subject # 1

4300 4320 4340 4360 4380 4400 4420 4440 4460 4,480

[frames]

r
[degrees] o-f1t

' | Subject # 2
R Y R~ S '

500 51.0 520 SéD 540 550 560 570 580 530 600 610 620 B30 G40 650 680 670 Béﬂ

[frames]

[degrees}
Subject #3

500 510 520 530 540 550 560 570 530 590 600 610 620 B30 640 €50 BEO 670 EEO 690

[frames]

20+
10+
[degrees] o
RIY
-20-

Subject # 4

800 810 820 Bén 840 850 8RO 870 $80 890 90D 910 920 930 940 950 960 970 GSO 980
[frames]

20

10

[degrees] o
10

-20

Subject#5

800 210 820 £30 840 850 860 870 820 &30 900 910 920 92 G40 G50 960 970 90 990

[frames]

Figure 4.8 Result of vertical fixation test for subject # 1-5
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- Visual Stimuius
Eye Movement

[degrees)
200 810 820 830 840 850 860 870 680 890 900 G10 820 330 940 950 860 070 98U 990
[frames]
20+
0] c—i—io oo
d ]
[degrees] o | Subject#7
b = T =T .
-20-
1600 1620 164D 1,660 1680 1700 1,720 1740 1760 1,780
[frames]
[degrees] Subject # 8
1400 1420 1440 1480 1420 1,500 1,520 1540 1560 1,580
[frames]
20
0] - pmema A~ e
degrees] o©
[deg ) Subject # 9
KT:F RS S VY Uy . P SIS R, SN P _
.20
400 410 420 430 440 450 460 470 480 490 500 510 520 530 540 550 560 570 580 590
[frames]
10
[degrees]

Subject # 10

1,000 1,020 1,040 1,060 1,020 1,100 1,120 1,140 1,160 1,160

{frames}

Figure 4.9 Result of vertical fixation test for subject # 6-10
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—rmemrme Visual Stimulus
Eye Movement

20

10

[degrees] 0-
-10

-20

Subject # 1

T T

560 610 620 séo 640 650 860 57'U BéD BéO 760 710 7'_30 TéD 740 750 760 770 730 790
[frames]

[degrees]

Subject # 2
600 610 620 630 540 650 660 670 680 B3 700 710 720 730 740 750 760 770 780 790
[frames]
[degrees) Subject # 3
400 410 420 430 440 450 460 470 480 490 500 510 520 530 540 550 560 570 580 500
[frames]
[degrees] Subject # 4
700 710 720 730 740 750 760 770 780 790 800 810 $20 830 847 850 860 870 880 890
[frames}
degrees
[deg ] Subject# 5

600 610 620 /30 B40 650 BSU 670 68O 690 700 710 720 730 740 750 760 770 780 790

[frames]

Figure 4.10 Result of horizontal fixation test for subject # 1-5
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e Visual Stimulus
Eye Movement

[degrees]

Subject #6
br T g T 7 T Y T T T Y T T T T T T T d
500 510 520 530 540 550 560 570 580 590 600 610 620 630 640 650 660 670 680 690
[ffames]
[degrees] Subject # 7
L T T T T T -
1,400 1,420 1,440 1,460 1,480 1,500 1,520 1.540 1.560 1,580
[frames])
W) - gmr==a -mesmen s —me= e —
104
[degrees] o Subject # 8
-10
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Figure 4.11 Result of horizontal fixation test for subject # 6-10
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4.3.2 Involuntary Eye Movements

The eye movements tracking and visualization system was used to observe involuntary eye
movements. In this case, the system was used to detect Benign Paroxysmal Positional Vertigo (BPPV)
symptom. The experiment was held at Outpatient Department (OPD) Ear Nose Throat, Srinakarinviroj
Hospital, Pathumthani, Thailand. A 56 years old female patient with 13.5mm eyeball radius and 12mm
iris diameter was participated in this experiment. The patient had suffered BPPV since 2009. At the time
experiment was performed, the patient still underwent medical therapy. The patient was asked to wear
the goggle and the right eye was observed. The test was performed on complete darkness by installing
the front side cover on the goggle. Dix-Hallpike test was then performed by bringing the patient from
sitting to a supine position, with the head turned 45 degrees to one side and extended about 20 degrees

backward. Once supine, the right eye was observed using eye movements tracking and visualization

system for about 30 seconds.

The positional nystagmus was clearly noticed in torsional eye movement when the head was
positioned at certain position. The positional nystagmus was caused by misplaced of calcium carbonate
particles called “ear rocks” inside the inner ear. Moving the head in certain directions might cause the
ear rocks to tug on hairlike sensors, triggering a type of dizziness called BPPV. The positional
nystagmus occurred during frames 1100-1280 with total occurrence time about 10s as shown in
Figure 4.12. After finishing the Dix-Hallpike test, the patient was brought to initial sitting position. The
eye moved in normal horizontal, vertical, and torsional movements as shown in Figure 4.13. The
experimental results show that the eye movements tracking and visualization system was able to detect

involuntary eye movements, particularly positional nystagmus, in a clinical routine.
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Chapter 5

Conclusion and Future Work

5.1 Discussion

In this thesis, an inexpensive real-time 3D eye movements tracking and visualization system is
proposed. The system utilizes dual cameras mounted on a consumer-grade welding goggle to track an
eye. Initially, a camera calibration procedure must be performed to obtain camera parameters and lens
distortion coefficients. Next, eyeball radius is obtained by direct measurement. Iris striation is gained
from captured eye image. Center of mass algorithm is employed to gain 2D coordinates of pupil center.
Template matching algorithm based on correlation coefficient is applied to obtain 2D coordinates of iris
striation center. The 3D coordinates of pupil and iris striation centers are extracted using Direct Linear
Transformation (DLT) algorithm. Furthermore, lens undistortion algorithm is added to improve the eye
movements tracking result. The horizontal, vertical, and torsional angular positions of the eye are
estimated from the results of 3D coordinates extraction. Finally, a real-time 3D visualization based on

tracking result is performed to help clinicians understanding the characteristics of eye movements.

In order to observe the accuracy of the system, in vitro validation method using artificial eyeball and
gimbal system was performed. The artificial eyeball was rotated in horizontal and vertical angles with
excursion ranging +20° at steps of 10°. At each point, five different angular torsional positions were
made, resulting 125 unique positions consisted of horizontal-vertical-torsional (HVT) values.
The ¢omputational time of the system was also observed to test whether the system can be used in real-
time implementation. Furthermore, the system was implemented on human to detect voluntary and

involuntary eye movements.

The in vitro experimental results show that it was not enough to implement only DLT algorithm to
obtain precise horizontal, vertical, and torsional angular eye positions. Errors resulted from lens
aberration could be reduced by adding lens undistortion algorithm. The lens undistortion algorithm
successfully improved the accuracy of the system by decreasing the error of tracking in horizontal,
vertical, and torsional angular positions about 53.13%, 63.16%, and 57.45%, respectively.
Most improvement occurred particularly at the eccentric positions since the rays farther from the center

of the lens were bent more or less than that those closer from as illustrated in Figure 3.29.
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Experimental results of single camera method in [5] were used as comparators to verify the
effectiveness of DLT and lens undistortion algorithms. The comparison results show that our system
exhibited better performance in horizontal, vertical, and torsional angular positions compared to single
camera method. Tracking error caused by inaccuracy in measuring physical parameters of the eye was
also probed by underestimating and overestimating the eye radius with bias factors up to £10%. Over
+10% bias in measuring eye radius, errors in horizontal and vertical angular positions reached about 2°,
while error in torsional angular position was considerably more robust as it was preserved below 0.4°.
The unrobustness of errors in horizontal and vertical angular positions was due to the usage of eye radius

parameter in horizontal and vertical measurements as shown in Eq. (3.85) and Eq. (3.89).

Average processing time for single frame of 1500 successive frames was found to be 40.38ms.
Table 4.15 shows that the iris striation tracking took the longest time compared to the other processes
since iris striation tracking involves user-defined memory allocation, memory writing, and memory
releasing. The iris striation tracking is initialized by determining the ROI based on the coordinates of
pupil center. In practical implementation, the algorithm allocates the memory to be used by temporary
image. Then, image area inside the ROI is copied into the memory and saves as a temporary image.
Next, the template matching algorithm is performed to find the corresponding location of the template in
the temporary image. The resulted 2D coordinates of iris striation center with respect to initial image are
computed and saved. Next, the algorithm deletes the temporary image from the memory. Finally, the

allocated memory is released as a free memory.

The system was used to detect voluntary eye movements stimulated by a small moving target at the
monitor from 10 healthy participants. The experimental results demonstrate that a delay about 160-320
ms occurred between visual stimulus and eye movements in fixation test instead of smooth pursuit test.
In fixation eye movement, the position of the target with respect to the fovea was estimated during this
delay to decide how far the eye should move. Then, the difference between the initial and intended eye
positions was converted into a neural command that stimulates the extraocular muscles to move the eyes
in appropriate distance and direction [84]. Additionally, the system was also used to detect involuntary
eye movements called positional nystagmus caused by BPPV. The positional nystagmus was clearly
detected about 10s in torsional eye movement when the head was positioned at certain position. Thus,

this system is appropriate to use as a real-time investigation tool in clinical routine.
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5.2 Conclusion

The work presented in this thesis explains preliminary design and implementation of inexpensive
real-time 3D eye movements tracking and visualization system using dual cameras acquisition. The 3D
visualization of the eye is performed based on the real-time tracking results. The DLT and lens
undistortion algorithms are proven reducing errors in measuring horizontal, vertical, and torsional
movements. Inaccurately measuring physical parameters of the eye affects horizontal and vertical
angular positions while torsional angular position is considered more robust to radius estimation error.
Real-time implementation shows that the system can be used in clinical routine to detect either voluntary

or involuntary eye movements.

5.3 Future Work

Even though our system exhibited a good performance, actual radius of human eye could not be
obtained exactly since it was impossible to directly determine the center of the eye rotation.
Instead, eyeball diameter of the human was determined by carefully measure the distance of outer part
(lateral canthi) and inner part (medial canthi) of eyelid aperture (palpebral aperture) as explained in
chapter 3. Regardless of how rigorously this measurement is performed, the real radius of human eye
may be slightly different from the measurement result since the rotational axes of the eye may not
precisely pass through the center of the eye. In the future, it may be possible to use ultrasound to

improve accuracy in measuring physical parameters of the eye as explained in [85].

Another work needed to be explored is design consideration for wider clinical applications.
Since there is limitation in maximum sampling rate about 25fps, this system may not appropriate to be
used: as measurement device for fast eye movements (i.e. saccadic eye movements) which require a
video system with sampling rate more than 100fps. This limitation can be overcome by changing the
low-cost CCD camera to the high-speed industrial CCD camera with average sampling rate 120fps [39].
Recent advances in data communication technology can be used to improve the system. In the future,

wireless transmitters and receivers may be possible to compensate data cables in the camera.
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ABSTRACT

An Eye-motion tracking system for acquisition and
estimating of eye movement is introduced in this paper.
The system consists of two infrared cameras mounted on
the binocular. The acquired image is transmitted to the
personal camera via the USB ports for further analysis in
real time. The pre-process digital image processing is
applied to the eye-motion image by first thresholding the
image using adaptive thresholding. The segmented pupil
image is then located using template matching. The ROI
image around the eye is then processed to determine the
eye movement using motion gradient. The horizontal and
vertical movement of eye is then estimated using the
package software.

1. INTRODUCTION

Eye-motion tracking is a central problem in visual
information system and computer vision. Important
application of eye-motion tracking includes diagnostic
tools for assessing vestibular discase and other
neurological disorders [1]and human-computer interface
device [2, 3). Typically, eye-motion tracking is
performed on two dimensions to measure the horizontal
and vertical motion of the eye. Only recently, attempts
have been tried to access the three dimensional motion of
the eye [4-6]. Horizontal and vertical eye (2D) position
can be determined from pupil center coordinates, which
can be computed using center of mass algorithm [7, 8].
The torsional eye position, rotation about the visual axis,
can be determined by nacking the location of landmark
on the eye [9, 10] or using the more-robust lemplate
matching algonlhm [8]. Bruce er. al. [1] developed a
system which ‘uses a flying-spot laser-scanner to
sclectively image landmark on the eye. The horizontal
scan line through the pupil reveals the left and right edge

of the pupil allowing the estimation of horizontal position.

Similarly, the vertical scan line through the pupil reveals
the upper and lower edge of the pupil resulting in the
computation of the vertical edge. The system devcloped
by Bruce and his colleague, though, is claimed to be the

promising diagnostic tool; the exposure of eye to laser,
however, could be extremely hazardous and hence
required extremely caution.

Naoki er. al [11] proposed the system to measure the
horizontal and vertical position of cye movement based
on projecting the weak infrared on the limbus, the
borderline between the iris and the white of the eye and
detecting the change in reficcted light. Naoki et. a/
associated the eye motion with the head motion to
provide the powerful diagnosis tools for Alzheimer's
disease. The sophisticated eye-tracking system consisting of
a series of optical lens and mitrors, photo-diodes and the set
of infrared LEDs is presented in {12]. The eye movement
position is also determined from the change in reflected
infrared detected by photo-diodes. The drawback of such
system is the complication for operating and the high cost.

In this paper, we proposed the low-cost versatile eye-
motion tracking based on applied digital image
processing and required no light-source projection. The
proposed system consists of two infrared cameras
mounted on the binocular. The acquired image is
transmitted to the personal camera via the USB ports for
real-time processing. The captured frame in the video
stream is first convertced to binary image using adaptive
thresholding. The binarized image is then processed with
basic morphological process to remove the artifact. The
restrictive template matching is then performed to locate
the pupil. The region of interest (ROI) is cropped around
the pupil center to cover the cye area. Motion gradicut in
the ROI is then applied to aceess the motion direction of
the pupil. The horizontal and vertical position of eyc
movement can then be determined from the motion
vector, The packaging softwarc is written in C-++ builder
to provide friendly user interface. The software exploited
the versatile digital image processing library — OpchV
[13] to facilitate the imaging process.

This paper is structured as the following. Section 2 is
devoted for system overview. Section 3 describes the
digital image process for determining the horizontal and
vertical motion. Scction 4 explains our cxpcnmcn!al
result. The conclusions and discussion is provided in the
section 5.
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