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During a visit to university of Maastricht I first heard about research on detecting defects of the
vestibular sense organs. My attention was drawn towards the video eyetracker, a beautifully
constructed instrument. A year later I had the opportunity to learn more about it. The process used to
determine eye movements was not as accurate as required for research and I was asked to improve it.
The co-operation between the Eindhoven University of Technology (TUE) and the Maastricht
University Hospital (AZM) enabled me to take the best of both. Peter Bovendeerd of the TUE helped
me during the development of new mathematical algorithms, while Jeroen Bosman and Iwan de Jong
of the AZM helped me performing the experimental validation. And whenever Herman Kingma was
available, we discussed new possibilities.
During my research project I was able to go abroad twice and discuss the developed solutions with
specialists in the field of eye movements detection. These meetings showed me that I was not the only
one trying to discover and solve the problems of eye movement determination from projections of the
eye in order to detect defects of the vestibular sense organs.
Despite the scepticism that exists about video techniques, I hope researchers will continue to improve
image processing to detect three-dimensional eye movements and that my research will be helpful
while doing so.

I would like to thank everybody that helped me during my studies. With special thanks to my coaches,
who made sme that, iri the end, I would be able to become an engineer, and Erik Folgering who
listened patiently to all progresses and read, reread and corrected this report. Thanks!

Summary
Defects of the vestibular organs are often detected by quanti%ing eye movements. Currently, the
accepted method to measure three-dimensional eye movements is the scleral search coil method.
Unavoidable drawbacks, such as coil slippage, limited measurement time, discomfort for the patient,
and the impossibility to distinguish between head and eye rotation ask for an alternative method.
Video eyetracking techniques do not have such drawbacks; their accuracy however is limited. The
general objective of this study is to improve the determination of three-dimensional eye movements
based on two-dimensional images made with the Maastricht video eyetracker. This objective is
divided in three parts; definition of rotation of the eye, development of a calibration method and a
validation to determine the accuracy of the measurement of eye movements.
A first three-dimensional approximation for the shape and rotational behaviour of the eye is a perfect
sphere that can rotate around axes through the centre of that sphere. The position of the centre of the
pupil of a rotated eye with respect to its position of that eye in the reference position is described by
two rotations. For a complete description of the orientation of an eye it is also necessary to determine
torsion, a rotation around the axis through the centre of the pupil and the centre of the sphere.
For the determination of the orientation of the eye the Fick and Helmholtz methods are frequently
used. However, these methods result in different torsion values. This, so called false torsion does not
occur when using the perimetric method. The perimetric method describes the position of the axis of
torsion with respect to a head-fixed co-ordinate system.
In order to be able to determine three-dimensional eye movements, it is necessary to know the radius
of the eyeball and the two-dimensional positiofi of the centre of the eyeball with respect to the camera.
This information can be determined with a calibration. The easiest way to perform this calibration is to
ask the subject to fixate on several dots, which are arranged in a set pattern. For patients with
vestibular disorders, it is often impossible to fixate. Therefore a calibration method is developed in
which fixation is not required. When the pupil does not change in size and shape of the pupil, spherical
aberration can be used to perform a calibration without fixation. From the position and size of the
pupil in several (typically 9) images, the radius and the position of the centre of the eyeball are
determined.
A computer model of the eye is used to determine the accuracy of the determination of threedimensional eye movements. When the eye is a perfect sphere with a known radius and a known
position of the centre of that sphere, the three-dimensional eye rotations can be determined with a
maximum error of 0.3' per determined rotation, including torsion. The described calibration methods
both determine the radius and position of the centre of the sphere with a maximum error of 1 pixel,
which is about 0.05 mm.
The accuracy of the measurement of three dimensional eye movements from images made with the
video eyetracker is determined by a validation experiment. During this experiment the movement of an
eye is determined by both the video eyetracker and the scleral search coil method.
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The measured eye movements of the two methods are compared. In horizontal direction both methods
result in approximately the same displacement of the centre of the pupil. In vertical direction however
the displacement measured by the video eyetracker is larger than the values measured by the scleral
search coil. This can be caused by misallignment of the cameras, rectangular pixels in the images
made by the video eyetracker, and incorrect assumptions with respect to shape and rotational
behaviour of the eye. The incorrect determination of the rotation of the pupil causes incorrect
placement of the segments in the iris, resulting in errors in the determination of torsion.
Despite the introduction of a three-dimensional eye model, the video eyetracker does not measure eye
movements as accurate as the scleral search coil method. The development of a new eye model, which
corresponds more closely with the shape and size of the eye can solve this important drawback of the
video eyetracker. The drawbacks of the scleral search coils however can not easily be solved.

Samenvatt i ng
De redenen voor het slecht functioneren van een evenwichtsorgaan worden vaak bepaald door naar
oogbewegingen te kijken. De algemeen geaccepteerde methode om drie dimensionale oogbewegingen
te meten is de scleral search coil methode. Onaanvaardbare nadelen, zoals slip van de lens, beperkte
meettijd, oog irritatie en het niet kunnen onderscheiden van oog- en hoofdbewegingen vragen om een
alternatieve methode.
Video technieken, gebruikt om oogbewegingen te meten, hebben bovengenoemde nadelen niet, de
nauwkeurigheid van video technieken is echter niet erg hoog. Het doel van deze studie is de
verbetering van de bepaling van drie dimensionale oogbewegingen met behulp van twee dimensionale
beelden gemaakt met de ‘video eyetracker’ die is ontwikkeld in Maastricht. Dit doel is onder te
verdelen in drie delen; definitie van de rotatie van het oog, ontwikkeling van een kalibratie methode en
de uitvoer van een validatie om de nauwkeurigheid van de bepaling van oogbewegingen te bepalen.
Een eerste orde benadering voor de vorm en het rotatiegedrag van het oog is een perfecte bol die draait
om assen door zijn centrum. De positie van het centrum van de pupil in een geroteerd oog ten opzichte
van zijn positie in de referentie stand wordt beschreven door twee rotaties. Voor een complete
beschrijving van de oriëntatie van het oog is het noodzakelijk ook de torsie te bepalen. Dit is een
rotatie om de optische as van het oog die loopt door het centrum van de bol en het centrum van de
pupil. De Fick en Helmholtz methode worden vaak gebruikt om de oriëntatie van het oog te
beschrijven. Deze methoden leiden tot verschillende torsie waarden. Deze zogenaamde valse torsie
treed niet op als de perimetrische methode gebruikt wordt. Deze methode beschrijft de positie van de
optische as van het oog ten opzichte van een hoofd gefixeerd assenstelsel.
Om drie dimensionale oogbewegingen te kunnen bepalen, moeten de straal van de oogbol en de
positie van zijn centrum ten opzichte van de camera bekend zijn. Deze informatie kan verkregen
worden door middel van een kalibratie. De eenvoudigste manier of een kalibratie uit te voeren is door
het oog te laten kijken naar verschillende punten van een bepaald patroon. Bij patiënten met
evenwichtsproblemen is dit fixeren helaas niet altijd mogelijk. Een kalibratie zonder fixatie kan dan
uitkomst bieden. Als de pupil niet verandert van vorm en van grootte kan met sferische vervorming
gebruikt worden om de radius en de positie van het centrum van de oogbol te bepalen.
Om de nauwkeurigheid van de bepaling van drie dimensionale oogbewegingen te bepalen, is een
computer model van het oog ontwikkeld. Met behulp van dit oogmodel, een perfecte bol, waarvan de
straal en de positie van het centrum bekend zijn, kunnen de drie rotaties met een maximale fout van
0.3O per rotatie bepaald worden. De beschreven kalibratie methoden kunnen de straal en de positie van
het centrum van de bol met een maximale fout van 1 pixel, ongeveer 0.05 mm bepalen.
Een validatie experiment wordt gebruikt om de nauwkeurigheid van de bepaling van oogbewegingen
uit beelden van het oog te bepalen. Tijdens dit experiment worden oogbewegingen gemeten met
behulp van zowel de video eyetracker als de scleral search coil methode. De met deze methoden

Samenvatting

gemeten oogbewegingen worden. In horizontale richting resulteren beide methode in ongeveer
dezelfde pupil verplaatsing. In verticale richting daarentegen is de pupil verplaatsing gemeten met de
video eyetracker groter dan die gemeten met de scleral search coil. Dit kan veroorzaakt zijn door
meetfouten, zoals een verkeerde oriëntatie van de optische as van de camera of rechthoekige pixels in
de oog afbeeldingen, en model fouten, zoals een verkeerde vorm of verkeerd rotatie gedrag van het
oog. De incorrecte bepaling van de rotatie van de pupil veroorzaakt fouten in de plaatsing van de
segmenten in de iris, wat resulteert in onnauwkeurigheden in de bepaling van torsie.
Ondanks de introductie van een drie dimensionaal oog model, bepaald de video eyetracker
oogbewegingen niet zo nauwkeurig als de scleral search coil. De ontwikkeling van een nieuw oog
model, dat beter overeenkomt met de vorm en het rotatie gedrag van het oog, zal de nauwkeurigheid
blijven verbeteren. De nadelen van de scleral search coil, kunnen niet eenvoudig verminderd worden.
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Chapter 1

Introduction
Vision is private, nobody else will exactly know what you have seen. Vision is controllable; an eye
can fixate on every point in the area of vision. Sometimes, however, the eye is moved in a reflex,
controlled by neural systems. A system that controls eye movements is the vestibular system
(appendix A). This system measures the orientation of the head with respect to gravity, due to inertia it
can determine acceleration as well. In order to stabilise vision, the eyes are rotated to minimise the
influence of head movements. Measurement of eye movements caused by head movements can
increase the knowledge about the vestibular system.
An eye contains different structures. From the outside, the pupil, the iris and the eye white can be
distinguished. Eye movements are usually described by three rotations around three perpendicular
axes as shown in figure 1.1. One rotation around a horizontal axis, to rotate the eye up and down, a
second rotation, around a vertical axis for rotations to the right and left and one around the axis
through the pupil, perpendicular to the eye surface. This last rotation is called torsion, it rotates the eye
clockwise (CW) or counter clockwise (CCW).

Fig. I . I Rotations of the eye [I]

Different methods are used to determine eye movements with respect to head movements. Each
method has different advantages and disadvantages and therefore different applications.
Electro-oculography (EOG) is based on the fact that every eye is a dipole [2]. The electrical potential
of the front of the eye is normally at least 1 mV higher than the potential of the back of the eye. This
creates an electrical field in the front of the head that changes its orientation as the eyeballs rotate.
These electrical changes can be detected by using electrodes placed on the skin. Electro-oculography
provides a permanent recording of eye movements, either with the eyes open or closed, in light or in
darkness. This method is widely used in research on eye movements and in clinical studies of
dizziness and balance disturbances. A disadvantage is, however that it only measures horizontal and
vertical eye movements.
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Introduction

The Scleral Search Coil method (SSC) is a very accurate way to determine three-dimensional eye
movements. It has become the accepted standardfor the measurement of three-dimensional eye
movements [ 3 ] . This technique is based on the fact that a change in a magnetic field induces a current
in a coil attached on the eye. The disadvantages of this method such as coil slippage, discomfort
caused by the coil in the eye and the need to stabilise the head, make this method not very suitable for
clinical research.
Video based techniques are being developed to allow painless and accurate measurements of threedimensional eye movements. These techniques use two-dimensional images of an eye. For several
years the department of Otolaryngology of the Division of Balance Disorders at the University
Hospital of Maastricht has been working on a real-time video eye tracking system that uses cameras
that are mounted on the head. Figure 1.2 shows an image of the eye made with the Maastricht video
eyetracker (VET)

Fig 1.2 Image of an eye made with the Maastricht video eyetracker

The general objective of this study is to improve the determination of three-dimensional eye
movements based on two-dimensional images obtained from this video eyetracker. This objective is
divided in three parts; definition of rotation of the eye, development of a calibration method and a
validation to determine the accuracy of the measurement of eye movements.
The orientation of a subject in three-dimensional space must be defined unequivocal. Chapter 2 will
show the difficulties in defining the orientation of a sphere with a marker with respect to a reference
position of that sphere. Introduction of the perimetric method [4] to this problem will solve these
difficulties.
When the eye is assumed to be a perfect sphere, images of the video eyetracker can be used to
determine the orientation of the eye. Chapter 3 explains how to use the structures of the eye to
determine all parameters necessary for the definition of the orientation of a sphere out of twodimensional images of the eye. Additionally, three calibration methods are developed of which two do
not require the subject to fixate the eye on a point. These calibrations are used to determine the
position the centre and the radius of the eyeball.
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Chapters 4 and 5 validate the determination of eye movements as explained in chapters 2 and 3.
Chapter 4 uses a model of the eye to measure the accuracy of (parts of) the measurement, whilst
chapter 5 compares the results of eye movement measurements done simultaneously with the VET and
the scleral search coil.
Chapter 6 contains the conclusions and discussions of this study as well as recommendations for
further studies.
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Chapter 2
Description of three dimensional sphere rotations
There are several ways to describe rotations of an object in three-dimensional space, which do not all
result in the same orientation of the object. Rotation of an object around a horizontal axis followed by
a rotation around a vertical axis does not result in the same orientation of the object as when the object
is first rotated around the vertical axis and then rotated around the horizontal axis.

2. I

Description of movements by Fick and Helmholtz

Two methods that are frequently used to describe eye movements are the Fick-method and Helmholtzmethod [4,5]. These methods assume that the eye is a perfect sphere and use head-fixed axes through
the centre of that sphere to determine the rotation of a point on the sphere from one position to
another. The Fick-method, shown in figure 2.1a, describes this displacement by a horizontal
movement, i.e. a rotation around a vertical axis over angle 0f, followed by a rotation around a
horizontal axis over angle cpf. The horizontal movement is called the longitude component, the vertical
movement is the latitude component. Helmholtz, however, describes displacement of the cross by a
rotation around a horizontal axis over angle (Ph, the elevation, followed by one around a vertical axis
over angle ûh, the azimuth (figure 2. lb).

Fig 2.1

The displacement of the cross on the sphere according to (a) the Fick, (b) Helmholtz

The position of the centre of the cross after the rotations is equal for both methods. The orientation of
the cross in the plane through the cross perpendicular to the axis through the centre of the sphere and
the cross however, is different. This means that each point on the sphere will rotate around the axis
between the centre of the sphere and the centre of the cross, j . This rotation is called torsion.
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2.2

The perimetric method

The rotation of a sphere that causes a point on its surface to move fkom a reference position p oto a
displaced position j3 can be described by a rotation with angle p around a certain axis n' ,as shown in
figure 2.2. This axis is rotated over angle a with respect to the z-axis. This description of displacement
of the pupil is called the perimetric method.

Fig 2.2 The àescription of the displacement of a cross on a sphere according to the perimetric system. Rotation
of the co-ordinate system around the e, axis with a: followed by the rotation of the eye around the e', axis with p.

When the positions of the cross in the reference position p o and in the displaced position j3 are
known, the axis ñ and the angle can be determined:

p = arccos';&]
The angle p is a measure of eccentricity. It specifies the angular distance of the displaced position
from the reference position. The position of the centre of the pupil in the reference position expressed
in the co-ordinate system (ëxZy ëz)Tis:

Where r is the radius of the sphere. Because of this definition, the axis of rotation 2 lies in
the (ëy,ëz) plane. The co-ordinate system is rotated around the ex-axis, until n' is equal to ëz' . This
rotation can be described by:

I10

M = O

-a

1

cosa

sina

-sina

cosa]

(2.4)

The angle a is called the meridional angle and is equal to:

[,:,:;J

a = arccos 7
= arccos(n'

ëJ

(2.5)
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When the axis of rotation n' is defined as ëztofa Cartesian co-ordinate system (Zx'Zytëz')*, the
following rotation matrix can describe the movement of the eye:

M
-P

cosp

-sinp

-- sinp
O

cosp

o

O
O
1

The position of a point on the rotated sphere, a', can be calculated by rotating the position of that point
on the reference sphere, Zo :

2.3

Torsion

The final step in the determination of three-dimensional sphere movements, is to determine the
rotation, y, around the axis through the centre of the sphere and the cross, i.e. torsion. Note that the
angles a and p are determined with respect to an eye-fixed co-ordinate system, whilst the torsion, y, is
determined with respect to the variable position 5 .

Fig 2.3 Description of the three angles of rotation

2.4

Comparison sf the mefksds

The torsion that occurs deu to rotation over two different axes is called false torsion. This is caused by
the fact that the rotations are not-commutative, i.e. a rotation around the first axis followed by a
rotation around the second axis does not result in the same orientation as a rotation around the second
axis followed by one around the first axis. The perimetric method removes the asymmetry of the Fick
and Helmholtz methods, in which false torsion occurs, because it rotates the sphere around one axis
only. The perimetric method corresponds more closely to the way in which eye movements actually
take place, but the other two methods are more frequently used [4].
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Chapter 3
Determination of 3D eye movements from 2D images
The perimetric method can be used to determine three-dimensional eye movements from projection of
the eye on the ZyZz-plane of the previous chapter. In these images the horizontal axis is the y-axis; the
vertical axis is the z-axis, the pupil is used as a marker. The detection of the pupil and the
determination of its centre are described in section 3.1. Quantification of the eye position is done in
terms of the angles a and p, which are calculated from the position of the centre of the pupil in the
reference and a displaced position. This reference position is defined in section 3.2, several methods to
determine this position are the subject of section 3.3.
The determination of torsion is described in section 3.4. For all methods described in this chapter, the
following assumptions are made; the eyeball is a perfect sphere with a constant radius that only rotates
around axes through its centre. The pupil is circular.

3.1 Detection of the pupil and determination of the centre of the pupil
Figure 3.1 shows that the pupil is much darker than the rest of the eye. This allows the pupil to be
detected easily, which makes the pupil suitable as a marker. The grey-value pattern in figure 3.1b
shows that the grey value of the pupil is much lower than that of the iris. A value between the highest
grey value of the pupil and the lowest grey value of the rest of the eye can be taken as a threshold
value. All points, with a grey value lower than this threshold, are considered to be part of the pupil.

(a)
Fig 3.1

0

y (pixels)

(a) image of an eye @) gray vohe pattern cf the poiizts or. the line through the pupil ofa 256 colormap

The shape and size of a pupil varies constantly, it is therefore necessary to determine one point in the
pupil that is always on the same position of the rotating sphere; the centre of the pupil. This centre can
be determined in various ways. Practical situations ask for two special restrictions. Firstly, the
determination of the centre of the pupil must be accurate while using as little computation time as
possible, in order to allow real-time measurements. Secondly, the determination should also be
possible when only a part of the pupil is visible. In images of real eyes, the pupil is not always entirely
visible; it sometimes disappears behind an eyelid. A method that meets these restrictions is the method
of Teiwes [6].
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This method determines circles through points on the edge of the pupil. The left and right borders of
the pupil are detected by comparing the grey value of points on horizontal lines in the image with the
threshold. The centre of the pupil is calculated by using the points on the left and right border of two
horizontal lines (figure 3.2). The y-value of the point between the left and right border, m, is
determined on both lines:

The y-value of the centre of the pupil is equal to the average of those two y-values:

Y, =

mi imj
2

The distance from the centre of the pupil to a point on the border of the pupil is always equal to the
radius of the pupil, r,:
rP

= li”

+ (Zi- z p )2

rp2 = I;

+ ( z j - zp12

(3.3)

Where 1 is half the distance between the left and right border:

The z-value of the centre of the pupil can be calculated after equalising equation (3.3):
z =

I,2 - IJ2 + zi2 - z 2j

(3.5)

2(2, - z j )

For all relevant combinations of two horizontal lines through the pupil, the centre of the pupil is
determined by this calculation. The average of all realistic centres, i.e. centres within the pupil, is
considered to be the true centre of the pupil.

Fig 3.2

Calculation of the centre of the pupil

Fig 3.3

Sphericalpupil centre correction
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3. I . I Spherical correction for the defermined centre of the pupil
In determining the pupil centre the assumption is made that the pupil is a projected flat disc inside the
eyeball. Methods, used to determine three-dimensional eye movement, however assume an eyeball to
be a perfect sphere with radius reye.Figure 3.3 shows that because of these assumptions, the
determined position of the centre of the pupil lxp y p z p ] is not equal to the position of the centre that
is needed for the determination of eye movements [xpcypc zpc A spherical correction can be made:

1.

(3.6)

3.2 Debinifion ob the reference p ~ s i t i ~ n
The position of an eye is always described with respect to a reference position. This position is defined
as the position of the eye, when the visual axis of the eye is parallel to the optical axis of the camera
(figure 3.4). The visual axis is assumed to be equal to the optical axis of the eye, which is the axis that
goes through both the centre of the eyeball aad the centre ofthe pupil. Ifi the VET image, the two
dimensional position of the centre of the eyeball is therefore equal to the position of the centre of the
pupil in the reference position.

/I-

/

Optical axis of the camera
Optical axis of the eye

\\

Fig 3.4 Definition of the reference position of the eye model with respect to the camera

3.3 Calibration
In order to be able to determine 3D eye movements it is necessary to know the radius of the eyeball
and the two-dimensional position of the centre of the eyeball with respect to the camera. This
information can be obtained through a calibration, where the position of the centre of the eyeball is
equal to the position of the centre of the pupil in the reference position.
The easiest way to perform a calibration is to let the eye fixate, i.e. look straight at a certain point for a
certain amount of time. However, for patients with balance disorders, it is often impossible to fixate.
Therefore two calibration methods, the ellipse-fit method and the pupil area-fit method, were
developed in which fixation is not required. In these methods the pupil is assumed to be a flat disc
inside the eye; the centre of the pupil is calculated without the correction described in the previous
section. To minimise errors caused by neglecting the spherical correction of the eye, the radius of the
eye has to be corrected:
reye,c

=Jm

(3.7)
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The movements of the eye should not only be determined with respect to the camera, it is also
important to know the position of the camera with respect to the head. Therefore, another calibration is
needed that determines the position of the camera with respect to head fixed axes.

3.3. I Calibration with fixation
When the eye fixates on several dots of which the position with respect to the eye is known, the
movement of the eye fiom one position to another is known. An example of a dot pattern on a wall
that can be used is shown in figure 3.5. The position of the centre of the pupil depends on the position
of the centre and the radius of the eyeball, provided that the visual axis of the eye is equal to the
optical axis of the eye. The optical axis of the camera is expected to be parallel to the optical axis of
the eye while looking at dot O. Then the position of the centre of the eyeball is equal to the position of
the centre of the pupil:

(b)

(a)

Fig 3.5

(a) Dot pattern on a wall, (b) Cross-section of an eye while looking at dot 3, O and 7 of the pattern

When the distance between the eye and the wall is equal to D,the angle p between dot O and dots 1,3,
5 or 7 is equal to:

tan,û = d / ( +~reYe)gd / ~

v D >> reye

(3.9)

Where d i s the distance between dot O and dot 1,3, 5 and 7. From the determined centre of the pupil in
the images this angle p can be determined by:

sin ,û = dp íreye

(3.10)

To determine the radius of the eyeball the determined angle p is equalised with the expected angle:

R = dp ísin(arctan(d/D))

(3.11)

3.3.2 Ellipse-fit method
This method uses information from the shape of the pupil. When the eye model is in the reference
position the pupil is assumed to be circular. In all other positions the pupil will be deformed into an
ellipse. The shape and orientation of the ellipse is used to determine the angles between the unknown
reference position and the displaced position.
12
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Figure 3.6 shows the deformation of the reference pupil to pupils with different directions of sight
(different angles a) and equal eccentricity (constant angle p). On the line from the centre of the
reference pupil to the centre of the displaced pupil, the radius of this elliptic pupil is at its smallest.
This line is rotated over an angle a with respect to the horizontai axis. When a turned over ellipse is
fit onto the found border of a displaced pupil, the angle a can be determined. An ellipse as shown in
figure 3.7, with a the large radius and b the small radius, can be described by the equation:

y 2 z2
-+-=I
b2 a2

(3.12)

Rotating the ellipse over an angle a this changes in:

(3.13)

Where:

y'

= z . sina

+ y . cosa

zf = z . cosa - y . sina

(3.14)

Combination of these equations leads to a relation between the y and z co-ordinate of each point on the
right and left side on a rotated ellipse:

-cosa.sina.($-s)-z--\ib

1

2

,sin 2 a + a2 .cos 2 a - z

a.b
In these equations, the assumption is made that the centre of the pupil is at the origin of the co-ordinate
system. If the centre is equal to ('yp,z p )the measured points on the right and left border (Ybr, zb) and
( Y b [ , zh) respectively have to be translated:
Ybr

= Yright + Y

p

Ybl

= Y[.?$+ yp

Zb = z

+zp

(3.17)
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Fig 3.7

Ellipse in uprightposition and an ellipse in rotatedposition

Information about the position of the centre of a displaced pupil cVp.i, z ~ ,and
~ )the orientation of the
ellipse fitted through the edge of the pupil (ai)in several extreme eye positions is used to determine
the 2D centre of the eyeball. For every eye position a line through the centre of the pupil rotated over
angle q with respect to the horizontal axis is defined:

These lines will all go through one point; the centre of the pupil in the reference position i.e. the 2D
position of the centre of the eye model. This point can be determined by:

kV

(3.19)

With (yeye,
zeye) the 2D centre of the eye model.

2rp*cosp

[~p,ii~p,il

Fig 3.8

[~eye,zeyel
Cross-section through the rejërence and the displacedpupil and the centre of the eyeball

The third dimension of the centre of the eye model depends on the radius of the eye model, which is
determined by using the ratio between the largest (a) and smaiiest @)radius ofthe fitted ellipse. This
ratio is a measure for p, figure 3.8.

bi = a i -cospi

(3.20)

When (3 is known for each eye position, the radius of the eyeball can be determined:
(3.21)
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3.3.3 Pupil area-fit mefhod
When the size and shape of the pupil do not vary in time, the centre and radius of the eyeball can be
determined without the assumption that the pupil is circular in the reference position. This calibration
method uses the geometric deformation caused by projecting a marker (the pupil) on a sphere (the
eyeball) on a 2D image. Regardless of the shape of the pupil, the surface area of the pupil is maximal
in the reference position; the surface of the pupil is then perpendicular to the optical axis of the
camera. When the eye rotates from the reference position to a displaced position around an axis over
an angle p the surface area of the pupil in the image is equal to:
(3.21)
Angle p depends on the positions of the centre of the reference and the displaced pupil and the radius
of the eyeball:
(3.22)
Of rotated eyes, the centre of the pupil (ypi , zpi) and its area Api are determined. The position of the
centre and the radius of the eyeball can be determined by minimising the difference between the
measured and the calculated surface areas of the displaced pupils. Thus if:

(3.23)

3.3.4 Determination of the camera axes
The horizontal and the vertical axis of the head are defined as the axes that are perpendicular,
respectively parallel to the direction of the gravity force, when the head is kept upright. A camera
cannot always be mounted in such a way that the horizontal and vertical axes of the images are equal
to those of the head, It is therefore necessary to determine the orientation of the camera with respect to
the head. When the head is kept upright and the eye is fixating on several points on a horizontal line,
the centre of the pupil is expected to rotate around a vertical axis. When the axes of the camera are
rotated with respect to the axes of the head, the found axis will not be vertical. When the rotation angle
is known, the measurements can be corrected and the true horizontal and vertical rotation can be
determined.

3.4 Determination of torsion
It is not possible to measure torsion directly fkom two-dimensional images. Extra information is
gained fi-omthe texture of the iris [7]. In the image of the reference position of the eye, a segment of
the iris is isolated. This segment is a part of an imaginary circle around the centre of the pupil. The
place of the segment is chosen so that it covers a texture rich-area of the iris. This segment is divided
into points, figure 3.9. The grey value at these points is measured.
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Each point of the segment in the reference position, ZOi,rotates as much as the pupil. The rotated
points, äi, form the displaced segment:

(3.24)
This segment is placed three dimensionally on the surface of the eyeball. The projection of the
segment is therefore not always a circular arc. If no torsion occurred, the projected position of the
displaced segment is expected to be equal that of the segment in reference position. If any torsion
occurred, the pattern of grey values will still be the same, but at a different phase. This phase is
determined by cross correlating the two curves.

Fig 3.9

Eye with the centre of the pupil and two segments

The grey value of the first point of the displaced segment is multiplied with the grey value of the last
point of the reference segment. The displaced segment is now moved to the left. The grey value of the
first and the second point of the displaced segment are multiplied with the grey value of the former last
and the last point of the reference segment, respectively. The sum of these two multiplications is
divided by two. This is repeated until the grey value of the last point of the displaced value is
multiplied with the grey value of the first point of the reference segment:
(3 25)

The value of k, where the Xk is largest, is a measure for the torsion that occurred:
y = (k - n 1 - q

(3.26)

Where cp is the angle between two following points of the reference segment.
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Fig 3.1O Cross-correlationof the gray values of the reference and displaced segments
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Chapter 4
Assessment of the determination of three-dimensional eye
movements using numerical experiments
In the real eye, the reference position, the radius and the position of the centre of the eyeball are
unknown and have to be determined in a calibration procedure. The accuracy of the measurement of
the eye movements depends on the accuracy of this calibration and the accuracy of the methods used
to determine the rotations. In numerical experiments it is possible to do measurements with an eye
model with known geometry and rotation. The values determined from images can be compared to the
real values in order to determine the accuracy of each measurement. These measurements can also be
used to determine the influence of time reducing procedures on the accuracy of the measurements. The
images are numerically processed, computations are done with Matlab 5.2.

4. I

€ye model movements

A numerically programmed eye model as shown in figure 4.1 is used to determine the accuracy of the
methods to detect three-dimensional eye movements as described in the previous chapters. The model,
which is used to represent the eye, is a perfect sphere, which can rotate around every axis that goes
through the centre of the sphere. In order to be able to measure the movements of the model, markers
on the surface of the eyeball are necessary. On a real eye, these markers are the pupil and the iris
texture. In the model these can be implemented as well. A dark spot on the sphere, with a circular
intersection with the sphere represents the pupil. Grey lines on the sphere represent the iris texture. In
this chapter, the sphere with the external markers will be referred to as the eye model, the dark dot and
the grey lines are called the pupil and the iris respectively.

The three-dimensional movement of the eye from the reference position to a displaced position can be
determined as described in the previous chapters. The reference position, the radius and the position of
the centre of the eye model are known.
Images are made of the three-dimensional eye model in different displaced positions, of which the
orientation with respect to the reference position is known. In every image, this orientation is
determined. To do so, the entire border of the pupil is detected and the centre of the pupil disc is
determined. A pupil sphere correction, as described in section 3.1.1, is used to determine the correct

Fig 4.1

Frontal en side view of the eye model, reye,,=200pixel,rJeg=120pixel,rp=69pixel
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position of the centre of the pupil. When the position of the pupil in the reference and displaced
position is thus known, two angles of rotation, a and P in figure 2.2, can be determined. Two segments
are placed in the iris texture on each side of the pupil in the reference position. Their position in the
displaced position is determined by rotating the segments similar to the determined rotation of the
pupil. These segments are used to determine the angle of torsion, y, as explained in section 3.4. The
method that is used to determine the placement of the segments in the displaced position influences the
accuracy of the measurement of torsion. The three methods that are currently used are those of Fick,
Helmholtz and perimetric. The real and the measured three-dimensionaleye movement is shown in
table 4.1, torsion measurements are done with the three segment placement methods.

pos. nr.

1 areal

yreyreai

I

adetermined

I

Pdetermined

I

ypenmekic

1

yFick

1

YHelmholtz

Table 4.I Comparison of real and determined 3 0 eye model movements. Torsion measured by three methods.
rey,=200pixel, rseg=120pixel,rp=69pixel,yeye= ypo,zeye= zpo

4. I . 1 Discussion: Accuracy of three-dimensional eye movement measurements
The accuracy of the determination of 3D eye movements is strongly dependent on the accuracy of the
determination of the centre of the pupil. An error of only one pixel in the determination of the centre
of the pupil causes an error of 0.25" in the determination of angle p for an eyeball with a radius of 200
pixels. The influence of small inaccuracies of that determination on the torsion is minimised by using
two segments on both sides of the pupil [8].
With a maximum error of 0.35", the determined angles a and p are equal to the real angles. In the
second position however, the determined angle a is -72.14", instead of O". In this situation angle P is
almost equal to O", this implies that the determined centre of the pupil only differs about O. 1 pixel from
the real centre of the pupil in the reference position. The line through both centres, with a length of
about 0.1 pixel is rotated with respect to the y-axis over an angle -72.14".
In the first four positions and within an accuracy of 0.24" the determined torsion is for all methods
equal to the real torsion. In the fifth and sixth position however all measurements of torsion are
from the enforced
d;ffo+-o-t
1
T h e LVISIVII
;fin ma
"29ured by the yerimetric methecl does not v2I-y
torsion. The difference between the enforced torsion and the torsion measured by Helmholtz and Fick
in the fifth and sixth position can be explained by false torsion, as described in section 2.4.
ICIlCIllC.

4.2

Ill-

+fir

..1

Validation of the determination of the radius and centre of the eyeball

Three different calibrations can be used to determine the parameters that are necessary to determine
three-dimensional eye movement. In the previous section, the radius and the position of the centre of
the eye model could be determined by looking at the eye model and measuring the radius and the
position of the centre of the largest circle in the image, which is the image projection of the eyeball. In
images of the eye this method can not be used. Therefore, calibration methods are developed, as
18
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described in section 3.3. The eye model with its known parameters is used to determine the accuracy
of these methods. Therefore, the entire border of the pupil is detected in several displaced positions of
the eye model. For every image the centre of the pupil, that is assumed to be a projection of a flat disc,
is determined. All calibration methods use the same images (nine in total) in the same order.

4.2.1 Calibration with fixation
The calibration with fixation is explained in section 3.3.1, it assumes that the reference position is the
same as the position while looking straight ahead. For several images of the eye model in known
displaced positions, the position of the centre of the pupil is determined. The known angles of rotation
in the displaced positions are compared with the angles of rotation calculated from the position of the
centre of the pupil for different the positions of the centre and the radius of the eyeball. The difference
between the determined and the known angles is minimal for the combination of the right yeye,Zeye and
reye,c.
The result of the determination of these parameters by using an increasing number of images of
the eye model is shown in table 4.2.
Number of images
4
5
6
7

Yeye
352.32
566.45
352.42
352.43

266.08
-25 1.66
266.27
266.20

reye,c
200.39
998.80
200.43
200.48

9

352.44

266.64

200.38

real

352.64

266.72

200.00

Number of images

4
;
;

4
5
6
7
8
9

354.32
354.93
354.92
354.55
360.79
362.16
~~

real

~~

Zeye

Ze e

266.52
264.80
264.75
265.58
268.12
252.30

I

re e,c
223.38
211.18
194.45
195.38
163.O6
204.26

~

352.64

266.72

200.00
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4.2.3 Pupil area-fit method
For this calibration the surface area of the pupil has to be determined in every image. An easy,
accurate, but time-consuming method is to count the number of pixels in the pupil. Another method is
to fit a rotated ellipse through the edge of the pupil and determine the area of that ellipse. Both
methods are used to validate this calibration method. The radius, reye,and the position of the centre
(yeye, zeye) of the eye model are determined for both methods as described in section 3.3.3 with an
increasing number of images. The results are shown in table 4.4.

8
9

352.56
352.56

266.91
266.92

200.91
200.90

350.14
350.32

267.38
266.86

197.45
201.80

real

352.64

266.72

200.00

352.64

266.72

200.00

For both area determinations, the difference between the determined values and the real values of the
parameters decreases when the number of images increases. The area determination by counting the
pixels in the pupil allows more accurate determination of the value of the parameters than the ellipse
area determination.

4.2.4 Discussion: Practical usability of the Calibration methods
The calibration with fixation is the method with the highest accuracy to determine the radius and the
position of the centre of the eyeball. Practical use however, may induce some problems. The
precautions needed for this method, such as fixation of the head, are not always possible.
Figure 4.2 shows the results of the three methods to calibrate without fixation. All methods used the
same images in the same order. However, the difference between the real and the determined value of
the parameters varies per method.
The values determined with the ellipse-fit method are less accurate than the values determined with the
pupil area-fit methods. Calculating the pupil area by counting the pixels is, as could be expected, more
accurate than determining the surface of the ellipse fitted through the border of the pupil.
When a calibration is done on real eye images, the real values of the parameters are unknown. It is
impossible to know the accuracy of the measurements. It therefore is important that the calibration
method minimises the influence of small errors. The measurements done with the ellipse-fit method
become more inaccurate when the seventh image is included. In this image, the fitted ellipse is not as
would be expected. The pupil area-fit with ellipse area uses the same ellipse as the ellipse-fit method,
but this method is not influenced by the inaccurate measurement.
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Fig 4.2 Accuracy of the different methods to calibrate without fixation for an increasing number of images of the eye model

A practical problem is that it is impossible to find an eye that meets the criteria of the calibrations. An
eye is not a perfect sphere, the pupil is not circular and it is not constant in size. it is however possible
to fixate the size of the pupil by using eye drops. Isopto carpine eye drops narrow the pupil and keep it
constant of shape and size. With these drops the pupil area-fit calibration method can be used for
measurements on real eyes.

4.3 Influence of errors in the determination of the radius of the eyeball
The radius of an healthy human eyeball is about 12 mm [9]. When the size of a pixel in mrn in an
image is known, the determined radius of an eyeball for a real eye can be compared to the expected
size. This way an unrealistic real eye measurement can be detected. However, small errors in the
determination of the radius of the eyeball can not be detected. Therefore the eye model is used to
determine the influence of these errors.
The radius of the eye is used to determine the angle p. This angle is necessary to allow placement of
the segment that is used to determine torsion. An incorrect determination of the radius therefore causes
an incorrect placement of the segments. The determination of angle p explained in section 2.2 shows:

For deteminatiom of the rsiciiiis with sin error of Iess thas 20 96,the determined angle 9 is:

The influence of this error on the placement of the segments is shown in figure 4.3. This figure show
the projections of a flat disc that is rotated from the reference position to the displaced position
according to the perimetric method with three different determined radii of the eyeball. If the segments
that are used to determine torsion are placed on the border of the flat disc, different grey patterns will
be measured. The difference between the segments is largest in the direction of the displacement. To
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reduce the influence of incorrect determination of the radius of the eyeball, the segments ought to be
placed perpendicular to the direction of the displacement. Due to drooping eyelids however this is not
always possible.

O

Fig 4.3 The projection of aflat disc that is rotatedfrom the reference to the displaced
position according to the perimetric method (u=O 9 Preal=307 for three different reye,def.

4.4

Influence of timesaving procedures

The accuracy of the determination of the parameters necessary to determine eye movements is an
important aspect of eye movement detection. Time is another aspect that has to be taken into account;
real-time measurements have many practical advantages over off-line measurements. Sequential
researches on patients, for example, are often based on results of previous tests. With the eye model it
is possible to determine the influence of timesaving procedures.
The most time consuming procedure during the determination of eye movements is the computation of
the centre of the pupil. For every combination of two lines through the pupil a centre is determined
(section 3.1). Reducing the number of lines reduces the computation time needed. Figure 4.4 shows
the influence of the number of lines through the pupil on the accuracy of the determination of the
centre of the pupil. It shows that it is not necessary to look at more than 100 lines through the pupil,
looking at fewer than ten lines will cause unacceptable inaccuracies. The number of lines that must be
chosen during the measurements of eye movements depends on the trade-off between time available
and accuracy needed.
The figure also shows the influence of the size of the pupil on the accuracy of the determination of the
centre of the pupil. If more than ten lines are taken into account, the size does not influence accuracy.
It is very important not only to look at lines close to the centre of the pupii, lines through the upper
and / ar lower part of the pupil should also be taken into account.

A calibration is based on only a few images. The accuracy of the result is very important for the
accuracy of the detection of eye movements. Due to the small number of images and the importance of
the accuracy, it is not necessary to do a calibration in real-time, although it should not take more than a
few minutes.
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number of lines

Fig 4.4 Distance between the determined and the realposition of the centre of the pupil as
function of the number of lines through the pupil for different radius of the pupil
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Chapter 5
Experimental validation with scleral coils
The algorithms, which are developed for the detection of three-dimensional eye movements, are used
to process the images made with a Video eyetracking system that is developed at the Maastricht
Research Institute for Brain and Behaviour. To determine the accuracy of the measurement of eye
movements with this system a validation experiment is done. During this experiment, both the video
eyetracker and a dual search coil technique measure the three-dimensional eye movements of a
subject. The performance and the results of this experiment are presented after an introduction of both
techniques.

5.1 Video eyetracking system
Video eyetracking (VET) is a relatively new method, although the idea is very old. The most direct
way to determine eye movements is by actually watching the eye move. Recording the eye movements
on tape has become possible through the development of video cameras. The VET system is placed on
the nose and ears, like glasses and makes images of each eye. Via two infra-red reflecting mirrors the
image of each eye is shown through a 40 mm lens on a 1/3” black and white video CCD chip (type
Sony NDL-40BYEY5 12x 5 12 pixels, 8 bits). A pixel of a VET image is not square, according to the
manual of the Sony NDL-40BYE camera and images of rulers, the ratio between the vertical and
horizontal axis of the pixel is 1.52. This ratio is taken into account for all measurements done with the
video eyetracker. The vertical position measured in the images is divided by the ratio in order to get its
position in square pixels. This position is used for calculations. The vertical position of the calculated
segment is multiplied with the ratio to know its position in the image.

Reflection inirror

Optical axis camcra

(6

?i

$?

Fig 5. I (a) Outline of the Maastricht Video Eyetracker, (b) image of an eye, made with the YET

An outline of the VET is shown in figure 5.la. The VET system provides series of 2-dimensional
images of each eye with a frequency of 50 Hz. These images, like figure 5.lb are used to determine
the eye movements as described in previous chapters.

5.1.1 Recording techniques and data analysis with VET
Three-dimensional eye movements are recorded using the Maastricht Video Eyetracking system. Prior
to an experiment the position of the centre and the radius of the eyeball are determined using a
calibration, as explained in section 3.3.1. The reason for not using a calibration method without
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fixation will be explained in section 5.5. The reference position is determined; the position of the
centre of the pupil is equal to the determined centre of the eyeball within an accuracy of 5 pixels (- 0.2
mm). The two reference segments are placed on both sides of the pupil. The torsion is measured using
the perimetric method. Horizontal and vertical movements of the centre of the pupil with respect to its
reference position are expressed in pixels. Positive values for horizontal traces are to the left, for
vertical traces up and for torsional traces clockwise. Data were stored on disc using a personal
computer for fùrther off-line analysis.

5.2

The scleral search coil method

The magnetic search coil technique is one of the most precise methods for measuring eye positions
[ 1 i]. This technique, which is the accepted standard for three-dimensional eye movement
measurements, is based on the fact that a magnetic field induces a voltage in a coil, which is attached
to the eye. A tightly bound induction coil is used in a set-up with two mutually oscillating magnetic
fields, one, By, parallel to the horizontal y-axis, the other, &, parallel to the vertical z-axis, figure 5.2a.
,- in the coil. When the coil is centred
Each of the two magnetic fields induces a voltage, IJy, resp. U
around the line of sight, horizontal and vertical eye movements can be determined straight from these
voltages 1131. During a rotation around the optical axis of the eye, no voltage will be induced; therefore
torsion can not be determined with this coil. In order to allow torsion measurements an extra coil
perpendicular to the first is needed. Figure 5.2b shows a so-called 'dual search coil', a contact lens
with two coils. The first coil, used for detection of horizontal and vertical movements is placed around
the lower part of the lens, with the largest radius. The second coil for the detection of torsion is
effectively perpendicular to the first coil, which is achieved by winding a wire around the upper part of
the lens forming an 8-shaped coil.

(a)

Fig 5.2

(a) Measurement of 2 0 eye movements with one coil, (b) Dual search coil

Despite the advantages of the scleral search coil method (SSC), such as eye position recordings with
very high temporal and spatial resolution and its insensitivity to small translations, this method is not
often clinically used. The drawbacks of the search coil technique reduce its usability. Unless head
movements are measured, the head has to be stabilised, because it is impossible to distinguish between
eye and head movements. The coils have to be exactly aligned with the line of sight to avoid problems
with the determination of the offset voltages. Misalignments can cause errors in the eye position
measurement up to 1O YO[3]. The biggest problem of recording with the scleral coil technique is coil
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slippage. Repeated fixations on a calibration point minimise the effect of horizontal and vertical
slippage, torsional slippage however is hard to detect.

5.2.1 Recording techniques and data analysis with SSC
Three-dimensional eye movements were recorded using the scleral search coil technique. Skalar,
Delft, the Netherlands supplied dual search coils and measurement devices. Prior to each experiment,
gain and offset of the coils were calibrated using a calibration device placed near the centre of the coil
box. Eye position signals were processed with a low-pass filter at 200Hz. Signal-to-noise ratios are
less than 1 min of arc peak-to-peak. Digitisation was performed using a 12-bit ND-converter at 200
Hz, range of eye movements were limited to *40". Finally, data were stored on disc using a personal
computer for further off-line analysis. All eye rotations were expressed in perimetric co-ordinates.
Positive values for horizontal traces are to the left, for vertical traces up and for torsional traces
clockwise.

5 3 The experimenfa! set-up
For the experimental validation of the video eyetracker the movement of one eye of a subject is
measured by both the video eyetracker and the scleral search coil. The positioning of the subject in the
experimental set-up is shown in figure 5.3.

Fig 5.3 The positioning of the subject in the experimental setup

The left eye of the subject is covered in order to avoid vision of that eye. One isopto carpine eye drop
is put in the right eye in order to narrow the pupil. These drops need a least fifteen minutes to settle
before coming into force. The influence of these drops is optimal for a least two hours. After the initial
period, a 'scierai search coil' is placed onto the same eye. The subject is then placed in the majpctic
field. The VET is carefully mounted on the head and one camera is aligned to get a clear image of the
eye with the contact lens. The head is fixed into the magnetic field by a bite-board and a head support
device, to avoid head movements.
On a wall at a distance D of 3 100 mm from the eye, nine dots are placed in a 3x3 matrix pattern as
shown in figure 3Sa, with d = 550 mm. Resulting in a eccentricity of 10" and 15". The head is
positioned in such way that the eye approximately looks at dot O when looking straight ahead, i.e. the
eye is positioned on the line through dot O and perpendicular to the wall, see figure 3.5b.
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5.3.1 Calibration of the Video Eyetracker
Isopto carpine eye drops narrow the pupil and give it a constant surface area, which is necessary to
allow a calibration without fixation. To determine if the eye drops completely eliminate pupil
contraction, the surface area is measured in several images of one eye in similar positions. These
measurements show a variation of about 1.5 %, which implies that the size of the pupil still varies a
little despite the eye drops. This variation may not seem very large, but according to equation (3.21)
this variation would, in the reference position, correspond to a rotation over an angle p of

p = ~ ~ c c ~ s ( A , , / A ,ar~~0~(98.5/100)=
)=
9.9"

(5.1)

For extreme eye positions with an angle p larger than 25" the variation influences the determined
angle p by less than 2" and therefore could be used for a calibration without fixation.
Due to the limited reliability of the calibration without fixation, the video eyetracker is caíibrated
using the calibration method with fixation, which is explained in section 3.3.1. During this calibration,
the average vertical displacement was 1.17 times as large as in horizontal direction. The calibration
resulted in a radius of the eye of 285 pixels, based on horizontal displacements.
Eye drops in order to narrow the pupil are still used. Due to a narrow pupil, the segment that is used to
measure torsion can be placed in the iris closer to the centre of the pupil. This reduces torsion
measurement problems caused by drooping eyelids.

5.4 Results
The result of an eye movement measurement with the video eyetracker in perimetric angles with
respect to time is shown in figure 5.4a. During this experiment the subject fixated on each point of the
dot pattern in increasing order, starting and finishing with dot O. For this dot the angle p is very small,
small movements around this position cause large variations of angle a, which explains the proceeding
of the top figure in the time intervals 0-7 s. and 43-48 s. To avoid this problem the movement of the
eye is expressed in a horizontal, a vertical and a torsional movement. Figure 5.4b shows the result of
the same test. The top two figures show the horizontal and the vertical movement of the centre of the
pupil with respect to this centre in the reference position, expressed in pixels. The bottom figure shows
the torsion measured with the perimetric method in degrees. In these figures the result of the
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measurement of the same eye movement with the scleral search coil method is shown as well. The
scleral search coil method determines the horizontal and vertical rotation of the eye in angles, the
displacement of the centre of the pupil in pixels is determined from these angles by using the radius
determined by the calibration of the video eyetracker (10" horizontal / vertical rotation k 50 pixels)
The reference position, with respect to which eye movements are determined, is not equal for both
measurement methods. The difference between the two reference positions is determined by
comparison of the average value of the displacement in horizontal and vertical direction. With respect
to the position of the centre of the pupil in the reference position of scleral search coil method, the
centre of the pupil in the reference position of the video eyetracker is moved 84 pixels upward and 4
pixels to the left. Fig 5.4b shows the displacements with respect to the SSC reference position.
The measured horizontal movement is almost equal for both measurement methods. The vertical
displacement measured by the video eyetracker is larger than the displacement measured by the scleral
search coil method. However, the proceeding of these measurements is about the same. Statistic
analyses are used to determine the relation between the two measurement methods.
VET horizontal [pixels]

VET vertical [pixels]
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Fig 5.5 Results of linear regression for the SSC component on the VET component, The regression line is dejìned by y=a+bx,
the 95% conjìdence intervalfor a is A ayj%.(a) Horizontal eye movements; a=O.I23[pix] (20.024 O). b=1.008,
A ay5,=5.412 [pix] (11.105 O). (b) Vertical movements; a=-O.I03[pix] (2-0.019O), b=O. 776, A agj%=6.315[pix] (g1.2907

Figure 5.5 shows the linear regression analysis of the horizontal and vertical eye movement. The slope
of the regression lines, b, is expected to be 1, as it approximately is for the horizontal regression line.
The slope of the vertical regression line however is 0.776. The offset of this line, a, is expected to be O.
Both regression lines show an absolute offset of about 0.1 pixel (= 0.02'). 95% of all data points are
positioned in the 95% confidence interval, an area around the regression line. Two lines, one Aa950/,
above and one Aag5%below the regression line restrict this interval.
is 5.4 pixels for horizontal
movements and 6.3 pixels for vertical, which agrees with 1.1" and 1.3' respectively.
In the time interval 24-38 s the torsion measured by the video eyetracker is extremely large. When this
interval is not taken into account, the angles of torsion measured by both methods have the same
proceeding in time. In section 5.5, these torsion measurements will be looked at more closely.
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5.5 Discussion
Figure 5.6a shows the positions of the centre of the pupil measured during the experiment, for both the
video eye tracker (grey) and the scleral search coil (black). The high concentration of pupil positions
in certain areas is caused by fixation on a point of the dot pattern on the wall. The concentrations
measured by both methods are not around the same positions. The concentration pattern of the video
eyetracker is rectangular, while the pattern of the scleral search coil and the dot pattern on the wall are
square.
This shows that the relatively small slope of the regression line for the vertical eye movements is
probably caused by problems with the video eyetracker measurement. During the calibration
procedure of the video eyetracker, there was a similar difference between the horizontal and vertical
displacement of the pupil (ratio vertical / horizontal was 1 178). During this calibration, the radius of
the eye was determined from the horizontal displacement. The angles determined by the scleral search
coil are translated into pupil displacements by using this radius. When only the vertical displacement
was used to determine the radius, this radius would have been larger, resulting in a relatively small
horizontal displacement measured by the video eyetracker. A comparison between the scleral search
coil and the video eytracker is therefore less relevant than explanations for the difference between the
horizontal and vertical displacement, measured by the video eyetracker. Several reasons for this
difference can be thought of: the position of the eye with respect to the dot-pattern, the orientation of
the camera with respect to the eye, the shape of a pixel, the shape of the eye, and multiple rotation
points in the eye.
~

For the calibration, the positioning of the eye with respect to the dot-pattern is exactly defined. During
experiments it is not possible to place the eye precisely in front of the centre dot (dot O). Due to the
large distance between the eye and the dot-pattern small errors in this placement are allowed. If larger
errors occur, the square shape of the pupil position pattern will not change into a rectangle but into a
trapezium like figure.
The orientation of the camera of the video eyetracker can be changed in order to get a better image of
the eye. The optical axis of the camera however is expected to be parallel to the optical axis of the eye.
The measured difference between the vertical and horizontal displacement of the pupil as a result of
the orientation of the camera would mean that the angle, between the optical axis of the camera and
the optical axis of the eye in the horizontal plane, is 38".
A pixel in the image made with the video eyetracker is not square but rectangular. For this a correction
h2s beer, made with a ratio specified by thz mcl~m!of the caFAera.T?x difference between the
horizontal and vertical displacement of the pupil could be caused by an error in this ratio. This would
mean that the ratio is 1.17 instead of 1.52.
The eye is assumed to be a sphere, but it could be an ellipsoid as well. The difference between the
displacement of the pupil in horizontal and vertical direction as an result of the shape of the pupil
would mean that the eye is an ellipsoid with a largest radius of 363 pixel parallel to the vertical axis
and a smallest radius of 285 parallel to the horizontal axis.
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If the eye does not rotate around axes through one point as Schreiber [ 121 states, then the difference
between the measured displacements could be explained. The eye would then rotate around two axis
through the optical axis of the eye. The distance between the horizontal and vertical axis would have
to be 78 pixels.
The last four explanations would all result into a rectangular shaped pupil position pattern. For each
individual explanation the error needed to cause such a difference between horizontal and vertical
pupil displacements is unrealistically large. The difference will most probably be caused by a
combination of all four explanations.
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Figure 5.6b shows the two-dimensional positions of the measured centre of the pupil after multiplying
the vertical component measured by the video eyetracker with the slope of the vertical regression line.
The measured pupil positions are now equal for both methods. Even during fixation the position of the
centre of the pupil is not constant, there are always small variations.
The torsion measured during the experiment by the two methods is shown in figure 5.4b (bottom). The
torsion measured by the VET in the time interval 24-38 s is not accurate, drooping eyelids probably
cause this. When an eyelid covers a part of the iris in which the segment is placed, the grey-values,
and therefore the torsion, can not be measured. Drooping eyelids are a large problem especially during
downward eye movements.
Figure 5.7 is an enlargement of the torsion measurement. The time interval is which torsion could not
be measured with the video eyetracker is marked out by the two lines. The torsion measured with the
video eyetracker increases or decreases suddenly as soon as the eye starts fixating on the next dot. This
is 7, 10, 15, 19,24,28,33,37 and 42 seconds after the start of the experiment. This is in accordance
with Donders law, which states that the orientation of the eye (including torsion) is always equal when
looking at one point [ 131. Torsion measurements done with the scleral coil method however show that
the difference in torsion between two positions is not that large.
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The measured difference in torsion for every fixation position could be caused by errors in the crosscorrelation as well. If the iris segment pattern is more or less periodic i.e. has a repeating pattern, the
cross-correlation could result in a maximum in a different point than where it should be. When this
occurs, however it would be expectable that sometimes the right torsion is measured.
It would be more reasonable if the sudden changes in the torsion are caused by the different values for
horizontal and vertical pupil displacement, resulting in incorrect placement of the segments. It will
result in a segment on the right position, but with the wrong three-dimensional orientation. Twodimensionally this will result in an ellipse that is flatter in vertical direction than it has to be. The
influence of this error on the accuracy of the measurement of torsion depends on the iris pattern.
However, it can be expected that the error is constant when pupil centre positions do not vary very
much, thus while looking at one point.
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In the time interval 28-42 s the torsion measured by the scleral coil is constantly declining. Probably
caused by small head rotations, which unfortunately can hardly be avoided. The constant decline of the
measured torsion could also be caused by coil slippage, a major problem of this method. The fact that
the torsion measured in the reference position at the start of the experiment is different from the
torsion measured in that same position at the end of the experiment subscribes torsional coil slippage.
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Chapter 6
Discussion, conclusion and recommendations
In the previous chapters different parts of the optimisation of two-dimensional image processing to
determine three-dimensional eye movements with the video eyetracker were treated. In this chapter the
results of these parts will be discussed. Conclusions will be drawn and recommendations for sequel
studies will be made.

6.1

Discussion

Recording images of the eye with a high frequency could become the best way to determine three
dimensional eye movements. In order to do so, it is important to have a correct model of the eye. If the
eye would have been a perfect sphere, which rotates around axis through its centre, the perirnetric
method could describe the eye movements with a maximum error of about 0.3" per determined angle.
The eye however has a more complex shape, which can differ from person to person.
A calibration is needed to determine the size and position of the eyeball. Simulations with a numerical
model show that there are two accurate methods to determine the radius and the position of the centre
of a sphere. The first method, a calibration with fixation requires a fixed head and a prescribed
positioning of the eye with respect to a dot pattern. The second method is a calibration without
fixation. It uses the size of the pupil area and therefore requires a pupil that is fixed, i.e. does not
change in size or shape.
Figure 5.6 shows that if the eye fixates on one point, the position of the centre of the pupil still varies.
Small eye movements of which most can not be controlled probably cause this. It therefore is not
recommended to only rely on the result of a small number (less than 9) of fixations. Information about
the shape of the pupil or the iris ought to be looked at as well. Despite the isopto carpine drops used in
the experiment, the shape and size of the pupil still varies.
After the experiment the results of eye movement measurements performed by the video eyetracker
and the scleral search coil method are compared. This shows that the vertical displacement of the pupil
measured by the video eyetracker is larger than expected from the scleral search coil method. For the
difference in horizontal and vertical pupil displacement, measured by the video eyetracker, four
explanations can be given. Firstly, the optical axis of the camera is not parallel to the optical axis of
4
Llle
L eye when lûûkiïìg tu Uût O . Secûild!y, despite the cûrectioí~
descïibed in section 5.1 a pixel is stil! a
rectangle instead of a square. Thirdly, the eye is not a perfect sphere but an ellipsoid. Fourthly the eye
does not rotate around the same point for horizontal and vertical eye movements. It is most likely that
the measured difference is caused by a combination of the three explanations.
Due to the fact that the difference in horizontal and vertical pupil displacement, the segment that is
needed to determine torsion will not be placed correctly. It will result in a segment on the right
position, but with the wrong three-dimensional orientation, which will result in an ellipse that is flatter
in vertical direction then it has to be. The influence of this error on the accuracy of the measurement of
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torsion depends on the iris pattern. However, it can be expected that the error is constant when pupil
centre positions do not vary very much, thus while looking at one point. Explaining the effect
observed in the measured results.
The pitfalls of the scleral search coil showed during the validation experiment; due to torsional coil
slippage, torsion could not be measured accurately in the last part of the experiment. The necessity of
fixing the head during the entire experiment limits the possibilities of the scleral search coil.

6.2

Conclusion

The introduction of a three-dimensionalmodel improves the determination of three-dimensional eye
movements from images. When the eye meets the assumptions made in this model, thus the eye is a
perfect sphere that rotates around it centre, the following conclusions can be drawn:
The perimetric method can be used to determine three-dimensional sphere rotations with a
maximum error of 0.3" per determined angle.
A calibration is needed to determine the position of the centre of the eyeball and its radius. This
calibration can be performed with fixation, provided that the head is fixed and the eye is
positioned correctly in front of a dot pattern.
When the size and shape of a pupil are fixed, a calibration without fixation using the pupil area fit
is as accurate as the calibration with fixation, without the condition that the head has to be fixed.
To determine whether the three-dimensionalmovements of a real eye can be measured from images
made with the video eyetracker, a validation experiment has been done. In this experiment the eye
movements measured with the video eyetracker are compared with the measurements of the accepted
standard for eye movements measurements; the scleral search coil. With respect to this experiment the
following conclusions can be drawn:
It is possible to determine three-dimensional eye movements with a frequency of 50 Hz.
The assumption that the eye is a sphere that rotates around it centre is simple, but satisf$ng as a
first estimation for the shape and rotation behaviour of the eye.
Torsion can be measured by using a part of the structure of the iris
The drawbacks of the scleral search coil method, such as coil slippage, limited measurement time and
discomfort for the subject, can not be avoided when using this method. For the video eye tracker
similar drawbacks such as slippage ofthe glasses arid irritation ofthe nose and ears caüsed by wearing
the video eyetracker do exist, but do occur less frequently.

6.3 Recommendafions
The video eyetracker is a promising method to determine three dimensional eye movements. Its
advantages, such as a large usability for both clinical and fundamental research, make it worthwhile to
develop new algorithms in order to improve its accuracy. Before doing so it is important to gain more
information on which the new algorithms can be based on. Such as:
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0

The orientation of the camera with respect to the eye
The accurate size of a pixel
The size and shape of a healthy eye; average values and natural variations
The expected rotational behaviour of the eye based on the positioning of the muscles of the eye
A method to fix the pupil in shape and size

Based on this study several recommendations for sequel studies can be done:
Use the data conversion, needed for rectangular pixels, in order to transform the eye from an
ellipsoid into a sphere.
Minimise the influence of drooping eyelids, of small errors in the determination of the radius of
the eyeball and of variations in its size. Therefore the segment used to determine torsion ought to
be a circle of which only the parts are used where the iris is visible.
Another aspect of video recording techniques that needs to be improved is its measurement frequency.
Eye movements as a result of reflexes controlled by the vestibular system are very rapid. Measurement
of these reflexes is very important in order to detect defects of the vestibular system. The latency for
such reflexes is about 5 ms. It therefore is necessary to measure eye movements with a frequency of at
least 400 Hz.
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List of symbols
Point on the surface of a sphere
Surface area of a pupil
Surface area of a pupil in the reference position
Half of the smallest axis of an ellipse
Half of the largest axis of an ellipse
The distance between a subject and a dot-pattem
The distance between the dots of a dot-pattern
The distance between the positions of the centre of the pupil
Half the distance between the right and left border of the pupil on the i h horizontal line
Middle between the right and left border of the pupil on the i* horizontal line
Rotation-matrix for the rotation over angle a
Rotation-matrix for the rotation over angle P
Rotation axis for the perimetric method
Position of the centre of a marker in the reference position
Position of the centre of a marker in the reference position
Radius of a sphere
Radius of an eye
Radius of an eye with pupil sphere correction
Radius of a pupil
Radius of a segment
Position of the centre of the eye
Position of the centre of a flat pupil
Position of the centre of a pupil with spherical correction
Position of the centre of the pupil in the reference position
Position of the left border of a pupil
Position of the right border of a pupil
Position of the left border of an ellipse
Position of the right border of an ellipse
U

B
Y
‘pf

%
ef

eh

Angle of rotation around the x-axis with the perimetric method
Angle of rotation around the z’-axis with the perimetric method
Angle of rotation around the optical axis, the torsion
Angle of rotation around the horizontal axis with the Fick method
Angle of rotation around the horizontal axis with the Helmholtz method
Angle of rotation around the vertical axis with the Fick method
Angle of rotation around the vertical axis with the Helmholtz method
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Appendix A
The vestibular sense organs
The maintenance of balance and orientation are important functions of the daily life. Sensory
information of several systems, such as the visual system and information from the muscles of posture
contributes to these functions, but the vestibular system is evolved exclusively for the purpose of
controlling equilibrium. The vestibular input influence equilibrium through vestibule-ocular (VOR)
and vestibulo-spinal (VSR) reflexes. These reflexes control the eye, head and body orientation.
The VOR is the most direct and accessible vestibular-driven behaviour from which inferences about
vestibular function can be derived. It is a rapid, robust set of reflexes that function to stabilise
binocular fixation on visual targets during head motion, by generating compensatory eye movements
in response to head motion.
Head movements include rotation, translation and reorientation relative to gravity. ï w o classes of
VOR can be distinguished: aVOR that responds to angular accelerations and lVOR, which responds to
linear accelerations [ 141. Both VORS are required because natural behaviour entails both angular and
linear head motions. To maintain binocular fixation on targets, the VOR must compensate for all types
of natural head movements. Acceleration in space, rotation and orientation in the gravitational field are
signalled by the vestibular organs, which are located in each inner ear, fig A. 1.

Fig. A.1 a.) The position of the vestibular system in the ear; b.) The vestibular system, with enlargements of the structure
in the semicircular canals, the crista (le$) and the structure in the saccule (right).[l5]

Three bony tubes, the semicircular canals, which are roughly orientated at right angles to each other
and embedded in the skull, drive the aVOR. The canals measure the rotation of the head. One end of
the semicircular canals ends in the utricle, the other end is closed by a membrane, the capula, which
contains receptor cells with h e hairs that pmject up i ~ t the
c f ~ i denddy?r,ph,
,
with whish the cm,r,a!s
are filled (figure A.2a). When the head starts to rotate, the fluid lags behind, due to inertia. This causes
a displacement of the fine hairs, which stimulates the receptor cells. When the rotation continues, the
fluid catches up and stimulation of the cells no longer occurs until the rotation suddenly stops, again
circulating the endolymph.
Stimulation of a canal, caused by any head rotation, automatically inhibits its contra-lateral cohort i.e.
the canal in the other ear, parallel to the stimulated canal. Thus the canals operate in a push-pull
fashion and as three pairs of orthogonal systems; left and right lateral, left anterior and right posterior,
left posterior and right anterior. In general it is the relative balance between the related inputs from the
two sides that is important.
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The saccule and utricle, two sacs or enlargements of the vestibule signal steady static forces, such as
gravitational forces. These so-called otolith organs respond to linear accelerations and drive the IVOR.
Each saccule and utricle has a single cluster, or macula, of hair cells located in the vertical and
horizontal planes, respectively. A gelatinous membrane in which small granular particles of calcium
carbonate, known as otoliths, are embedded covers the hair cells (figure A.2b). Changes in linear
acceleration alter pressure of the otoliths, causing changes in the distortion of the cilia and providing
an adequate stimulus for membrane depolarisation. Within each macula the hair cells are arranged in
two groups orientated in opposite directions, so that the receptor functions in a push-pull fashion
within each organ. Since many of the nerve fibres passing from the hair cells to the brain are
constantly active, this push-pull arrangement makes the receptors a highly sensitive detection system
for linear acceleration in the vertical and horizontal planes.
The aVOR and 1VOR require different kinds of vestibular input. The aVOR is driven by the
semicircular canals that respond to angular head accelerations, while the otolith organs respond to
linear accelerations and drive the IVOR. In terms of how they work and in the geometric
considerations that define their functional goals, the aVOR and the 1VOR are fundamentally different.
In terms of the overall goal, maintenance of binocular fixation on visual targets, and visual following
mechanisms, however, similarities exist. Both VORShave to control the eye movement and therefore
have to share some elements of the underlying pathways, such as the eyes themselves, extra-ocular
muscles, motoneurons and perhaps other neural structures.
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Fig A.2 a.) Reaction of the semicircular canals to rotations; b.)Reaction of the utriculi to translationand reorientation
relative to gravity [I 51.

Despite the fact that eye movements can be accurately driven by visual following systems, the VOR is
necessary because vision and oculomotor responses driven by vision are relatively sluggish. Smooth
pursuit is limited to around 1 to 2 Hz in frequency and 50 to 100 O / s in target velocity, with a respond
latency of roughly 150 ms.. In contrast, the aVOR is effective to at least 5 to 10 Hz and several
hundreds of degrees per second in head velocity, with a latency of only 5 ms.. Natural head
movements range in frequency from 0.5 to 7 Hz and at head velocities of hundreds of degrees per
second, which makes clear that the VOR is uniquely suited to compensate for head movements during
daily activities.
Over-stimulation of the vestibular system may induce motion sickness. Stimulation of the hair cells in
absence of actual rotation tends to produce an apparent swimming in the visual field, often associated
with dizziness and nausea. When the vestibular system is partly destroyed, the brain has to adapt.
Head movements will be nauseating, until this adaptation is completed.
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Real time data processing with the video eyetracker
Compensating spherical aberration and avoiding false torsion
M van d e r Glas2, J. Bosman’ , I. d e Jong1, P H.M Bovendeerd2, D H van Campen2 and H. Kingmal3
1 Maastrichtresearch instiiute Brain & Behavior 2 EindhovenUniversityof Technology3 Dept Of Otorhinolaryngologyand

Head-necksurgery Universrty HospitalMaastricht.
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Defects of the vestibular organs are often detected by quantifying eye movements, which can be done with
a video eyetracker. Numerical processing of the created images using a perimetric method allows a real
time quantification of the 3D eye movement. Before calculating a calibration is necessary to be able to
measure 3D eye movements accurately. For patients with vestibular disorders, it is often impossible to
fixate, i.e. look straight at a certain point for a certain amount of time. Therefore a calibration method is
developed in which fixation is not required.
Determination of 3D eye movement
Correction for spherical aberrations are normally determined
with Fick or Helmholtz co-ordinate systems‘. These methods
use the assumption that the eyeball is a perfect sphere, which
rotates around its centre. Figure 1 shows that the orientation of
the displaced object changes when rotating as prescribed by
Fick and Helmholtz. This, so called false torsion does not occur
when using the perimetric method, as described by Carpenter*.
This method describes the position of the axis of torsion with
respect to a head-fixed co-ordinate system. The position of a
circular segment in the iris is three dimensionally defined with
respect to this axis of torsion. Direct placement of the segment
with the perimetric method allows real time measurements of
3D eye movement with a correction for spherical aberration.
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ig I Description of the movement of apoint on a sphere with three
ethods; (a) Fick (b) Helmholtz, (c) Perimetric. [Carpenter]

Calibration without fixation
In order to be able to determine the 3D eye movement it is
necessary to know the radius of the eyeball and the three
dimensional position of the centre of the eyeball with respect
to the camera. This information can be determined with a
calibration without fixation. The calibration uses information
from the shape of the pupil. In the reference position, when a
person looks straight into the camera, the pupil is assumed to
be circular. In all other positions the pupil will be deformed
int^ aieiipse. T M shape
~
afid
orientation of the ellipse is used
to determine the angles between
the unknown reference position
and the displaced position.
Figure 2 shows the deformation
of the pupil with different angles
CL and a constant angle p. On the
line from the centre of the
reference pupil to the centre of
the displaced pupil, the radius of
this elliptic pupil is at its smallest.
This line is rotated over an angle
Fig 3 Schematic rotation of the eye
a with respect to the horizontal
axis.

When a turned over ellipse is fitted onto the found border of a
displaced pupil, the angle a can be determined. Doing this
with several displaced positions, all lines will cross in one
point; the centre of the reference position. This is equal to the
two dimensional centre of the eyeball. The third dimension,
perpendicular to the plane of the image, can be computed
after determining the radius of the eyeball (R). The ratio
between the maximal radius (r) and the minimal radius of the
elliptic pupil is a measure for angle p. When the angle p can
be measured, the radius can be calculated (Fig. 3).

Conclusions
Eye movement can accurately and real time be determined
using the perimetric method. With a perfect measurement of
the centre of the pupil, the accuracy of the determination of
torsion is 0.4” during a 10” torsion. This calibration procedure
was tested using numerical eye models. It determines the
position of the centre and radius of the eye mode! with an
accuracy better than 98 %. The present calibration procedure
assumed a circular shaped pupil, soon this assumption will
not be necessary anymore.
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Optimisation of image processing by VET to detect 3D eye movements
Definition of rotation, calibration and validation
Marjolein van der Glas
Dept. of Mechanical Engineering

Introduction
Defects of the vestibular organs are detected by
quantifying eye movements. For the video
eyetracking system (VET) algorithms are developed
to determine 3D rotations of the eye from 2D
images. The accuracy of this method is determined
during the validation experiment. This is a
comparison between the VET and the accepted
standard; the scleral search coil system (SSC).

calibration determines the radius and position of the
eyeball with a maximum error of 1 pixel (M 0.04 mm).
The accuracy of the determination of 3D eye
movements from images made with the VET is
determined with a validation experiment. During this
experiment both the VET and the SSC measure eye
movements. The result of the validation experiment
is shown in figure 2. The discrepancy in vertical
displacement is probably caused by rectangular
pixels in the images made by the video eyetracker
and incorrect assumptions with respect to shape and
rotational behaviour of the eye. The incorrect
determination of the rotation of the pupil causes
incorrect placement of the segments in the iris,
resulting in errors in the determination of torsion.
In the time interval 24-38s. the extreme torsion
values are caused by drooping eyelids, which make
torsion measurements very difficult.

Discussion
The outline of the Maastricht Video EyeFig 1
tracker with an image of an eye, made with the VET

Methods
The eye is assumed to be a perfect sphere that
rotates around its centre. Therefore its rotation can
be described by the perirnetric method. This method
describes the position of the axis through both the
centre of the sphere and the centre of the pupil with
respect to a head-fixed co-ordinate system by two
angles. The rotation around this axis, torsion, is
determined by looking at the structure of the iris.

Despite the introduction of a three-dimensional eye
model, the VET does not measure eye movements
as accurate as the SSC. The development of a new
eye model, which corresponds more closely with the
shape and size of the eye can solve this drawback of
the video eyetracker. Drawbacks of the SSC such as
coil slippage, limited measurements time and
discomfort to the patient can not be decreased.
Horizontal [pixels]
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The radius and the position of the centre of the
eyeball are determined with a calibration. For
patients with vestibular disorders a calibration
without fixation is developed. When the size of the
pupil is fixed the radius and position of the eyeball
can be determined from the pösitiön and size of the
pupil in several images.
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With the above assumptions, 3D eye movements
can be determined with a maximum error of 0.3" per
determined rotation, including torsion. The
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and SSC (-), top; horizontal eye movement in pixels,
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