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PREFACE

At the onset, this research has been a system of equations with many un-
knowns. The boundary conditions provided were that Medical Physics is
about people and about discovering nature, the latter being done for and by
the former.

The first unknown was solved with the assistance of Ivans Ļeonovs. He
has shown me the primer with the iViewX eye-tracker, and also demonstrated
the virtues of coding to present visual stimuli. It was him who introduced
me to Ingvars Birznieks, PhD in Biology and PhD in Medicine. Discussions
with Dr Birznieks shed light on the current research in the field, which was
supported by several ”hot” articles from his Australian datamine, the Prince
of Wales Medical Research Institute.

”If opportunity doesn’t knock, build a door,” said Milton Berle. These
doors were built by Bachelor students who entrusted me to supervise their
research. Krist̄ıne Bagucka, Anda Podniece, Aleksejs Koteļņikovs, Inita Jok-
ste, Ir̄ına Goršanova and Laura Vilkauša added much of flavour to the PhD
studies. With Krist̄ıne and Anda, we installed and explored ILAB 3.6.4.,
a MATLAB based application for eye-tracking data processing. Then the
terms ”fixations” and ”saccades” first appeared on the stage of our research.
With a new release of eye-tracking software, BeGaze replaced ILAB in the
data processing. Four of the students had to discover it with me ”on flight”.

It was unknown if we would manage to install and master a new piece
of equipment, the eye-tracking helmet or HED. The combined eye-tracking
system that we now have was possible in principle but never mentioned in
any manuals. My reverence goes to the courage of Aleksejs, with whom we
journeyed a long path of trials and errors (costly errors at times). I appreciate
that Professor Ivars Lācis, my supervisor, was willing to allow us these trials
and promoted our creativity even when he was the rector of the University of
Latvia. Professor Māris Ozoliņš was the one to light the torch of my interest
in research during the first years at the University.

Several of my miscalculations and dead-ends were resolved by the charis-
matic insight of Dr Vjačeslavs Kaščejevs, or Vyacheslavs Kashcheyevs as he
is known from Physical Reviews. Ivo Vı̄ksna with his ultimate IT expertise
provided that the University computers would be capable of managing the
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menace of the data flow. In turn, my fellow PhD student Romans Krutohvos-
tovs was always available for a coffee-break, should any software questions
arise.

When solving the many unknowns, one may occasionally start doubting
if the solution exists at all. Therefore my devotion belongs to the family who
kept me in good cheer during the years of research.

Riga, 2008 Roberts Paeglis
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Part I

THEORIES BEHIND EYE KINEMATICS



1. INTRODUCTION

1.1 Eye movements are tightly linked to cognitive processes

The movements of the eyes are a physically accessible indicator of intangible
mental processes. They can be measured non-invasively, with stern data
acquisition algorithms applied and statistical analysis made. Eye movements
are not only the reflections but also precursors of the processes in brain, this
mutual dependance is task-related (Loetscher, Bockisch, & Brugger, 2008).
Yet the areas of interest in the eye movement research vary, it is challenging
to compare and contrast their targets and methods.

Several classes of large scale eye movements are known. Saccades are the
fast shifts in gaze when the information processing is suppressed. Smooth
pursuit eye movements are involved in tracing a moving object, whereas
vergence eye movements make the lines of gaze of both eyes to converge
or diverge to switch between objects at various distances. Apart from these,
small-scale eye movements as microsaccades, drifts and nystagmus are known.
However, it is reported that ”...saccadic eye movements are more relevant in
typical information processing tasks” (Rayner, 1998, p. 373). This class of eye
movements lends itself to basic detection algorithms and is further analyzed
in the present research. Fixations, or periods when the gaze is relatively still,
signify the information acquisition. In fact, eyes are never absolutely still,
with some tremor and other minor movements involved (Rayner, 1998).

In the thesis, saccadic eye movements and fixations have been explored
in three areas, with the primary concern to make the visual tasks as natural
as possible. Fixations and saccades are considered to be the main indicators
of cognitive processes (Rayner, 1998). Efforts have been made to minimise
the influence of laboratory conditions and to avoid abstract stimuli. The
reasoning behind this adherence to ”real life” situations is further elabo-
rated in the theory part. It has been influenced by the reports that the
human visual system has advantages to perform in natural tasks. Seem-
ingly simplifying stimuli may sometimes pose a challenge to vision and do
not describe the vision as it is. First, eye movements in sports present a
realistic task for the observers, where unconscious strategies of the action
perception are deployed. Second, image recognition tasks have been devised
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to investigate the response of the human visual system to photographs of
natural objects. This area is fueled by the questions of what makes the
human visual system as efficient as it is and how this knowledge could be
transferred to the machines. Third, eye movements in reading textbooks
have been recorded. The last task, in addition to fundamental aspects, has
stirred considerable interest in the institutions responsible for making edu-
cation more efficient. Several findings of how people read textbooks have
been reported repeatedly to the Latvian Ministry of Education and Science
(Latvijas Republikas Izgl̄ıt̄ıbas un zinātnes ministrija, Izgl̄ıt̄ıbas satura un ek-
saminācijas centrs, Valsts jaunatnes iniciat̄ıvu centrs), Riga City Council
(Rı̄gas domes Izgl̄ıt̄ıbas, jaunatnes un sporta departaments) and a leading
national publishing house Zvaigzne ABC.

As varied as they are, all three areas represent different combinations of
related cognitive processes. ”Cognition includes all processes of conscious-
ness by which knowledge is accumulated, such as perceiving, recognizing,
conceiving, and reasoning” (Encyclopaedia Britannica, 2008.) A latest trend
in scientific literature encourages the interdisciplinary approach and looking
for the common conclusions to be drawn from eye movement research. Thus
”...cognitive processes as different as attentional orienting, memorizing, the
formation of mental images and numerical processing are all reported to be
at least accompanied, if not influenced, by eye movements” (Loetscher, Bock-
isch, & Brugger, 2008, p. 728).

1.2 Aim and tasks of the thesis

The Aim

The aim of this thesis is to equip and explore the combined video-based
eye-tracker available at the University of Latvia and to elaborate methods
for eye-tracking of motion scenes, graphical and textual information tasks.

The Tasks

• To instal and explore eye-tracking setup for fixed head and free head
eye-tracking; to describe the raw data analysis software and to develop
mathematical algorithms for eye movement data analysis under differ-
ent experimental paradigms.

• To determine the characteristic individual and task-dependant differ-
ences in eye movement parameters in motion perception.
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• To create methods and algorithms for image classification with eye
movements; to develop data processing for large data arrays.

• To detect distinctive eye movement parameters in reading formatted
text and to explore statistically the differences for head-fixed and head-
free conditions.



2. EYE MOVEMENTS IN COMPLEX ACTION
OBSERVATION

Is it the strategy of shifting attention and the information selection that
distinguishes successful athletes? Or is the success determined by the func-
tioning of the visual system that is trained just as the muscle and respira-
tory systems are? Several reports address these questions to clarify what
elements should be stressed in the sports exercise, along with the endurance
and movement techniques (e.g., Williams, & Grant, 1999; Williams et al.,
1994; Oudejans et al., 2002). Both strategic decisions and advantages of
the visual system are manifested if an athlete responds to the familiar game
in laboratory settings, either watching a video or performing in a simplified
game situation.

In contrast, the information selection strategies should not operate in full
if an athlete is assessing a situation of unfamiliar sports for the first time.
It was surmised that these learning advantages of an athlete over those of
a non-athlete may emerge gradually as the situations become more familiar.
The possible advantages of the visual system training, on the contrary, should
appear from the onset. Therefore basketball players and non-athletes were
invited to watch martial arts and Latin dance films, aims of watching were set
beforehand. Eye movements of the viewers were recorded and distinguished
the gaze parameters that could and could not be voluntarily controlled.

The research hypothesis was that athletes, once sufficiently acquainted
with a situation in a sport that they had not practiced before, will tend
to implement the gaze shift patterns they use in their field of expertise
(Vilkauša, 2007). To test this hypothesis, national level female basketball
and volleyball players observed film-based situations in karate. None of the
participants has practiced martial arts. Thus individuals trained in a team
ball sports were asked to observe individual karate professionals’ performance
of a learned sequence of movements (’kata’) or a non-injury tournament of
two (’kumite’). An additional task was a movie of a fast-paced cooperative
performance, a Latin dance. The same tasks were given to demographically
matched non-athletes that did recreational sports only.
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2.1 The observers mirror the actions

Visual skills are generally correlated to a person’s performance in sports.
This finding is revealed in a wide range of phenomena, ranging from those
assessed in a routine visual testing (Jafarzadehpur, Aazami, & Bolouri, 2007)
to gaze shift recorded by highly specialised equipment (Vickers, 2006).

Motor skills and gaze behaviour act in concert at various stages of life.
Infants acquire new gaze behaviour, which matches the new competences
that they develop after the first six months of life (Falck-Ytter, Gredebck,
& von Hofsten, 2006). This learning of basic eye and limb coordination is
similar to the intricate processes that recur later in the lifetime. Arguably,
crawling the first metre and putting a toy into a bucket for an infant matches
the challenge of a school child skating to score the first goals in hockey, as
far as neuronal computations are concerned. When a teenager joins dance
lessons or an adult practices for a driver’s licence, motor representations
of these complicated actions are formed in the brain. As a new action is
learned, a person becomes capable of predicting the goal of similar actions
that he observes in others. This has led researchers to describe the mirror
neuron system. Both in humans and monkeys, this system responds similarly
to actions that are performed by self and observed in others, which is the
key to understanding the behaviour of other individuals (Fadiga et al., 1995;
Keysers, & Perrett, 2004).

In their experiments, Flanagan and Johansson (2003) demonstrate evi-
dence for the ”direct matching hypothesis”. Their results witness that vi-
sually observed data are indeed mapped as motor representations in the
observer’s brain. They found that if a person is either moving blocks or ob-
serving others doing it, the participants make anticipatory eye movements.
On the contrary, if the performer of the move is not visible, the gaze is re-
active and lags by approximately 200 ms. In a further research, Falck-Ytter
and collaborators (2006) amplify this point by showing that not only adults
but also 12 months old infants direct their gaze to the assumed goal of the
action, the bucket where a toy will be placed, 200 ms or earlier before the
actor’s hand arrives there. These predictive eye movements occur only if a
part of a human agent, the hand that carries the object, is visible.

In general, gaze was found to precede hand movements also in more com-
plex actions (Vickers, 1992; Vickers, 1996; Land, & McLeod, 2000). Johans-
son et al. (2001) state that the role of the visual information may serve a
feedback role, just as a motor command also programs the expected sensory
consequences of a successful action (like certain pressure on the fingertips if
an object is successfully grasped). To summarise these findings, in a real
sports action the viewer’s vision is involved in the task control, partly by



2. Eye movements in complex action observation 10

monitoring own actions and partly by mirroring and predicting the move-
ments of others. This must not necessarily be done by the central vision,
though, yet the foveal vision is essential for tracing small objects (Land, &
McLeod, 2000). The central vision may also be slightly impaired, as only
myopic blur of at least +3.00 D has caused a significant deterioration of
interception in cricket (Mann et al., 2007). As contrasted to everyday occa-
sions, in sports it may be a part of the attacking player’s strategy to direct
the eyes and the head away from the intended target in order to mislead the
defence players.

Tracing an object may also be related to some indirect mirroring of the ac-
tions. Even before they have already mastered some motor actions, infants
attend the hands of adults that move objects. In this respect, a different
hypothesis is voiced in the researches like that of Amato, Kezuka and Ya-
mamoto (2004) and Hayes et al. (2007). The investigators present supportive
evidence to the decisive role of the actor’s gaze. Thus infants direct their gaze
to the objects in the hands of an adult if the adult’s gaze is also directed
there. Adults report the filmed actions as being easier to perceive if the ac-
tors themselves look at the object in their hands. On the other hand, Pierno
et al. (2006) have concluded that merely looking at an object activates some
of the cortical areas that are then involved in the grasping, and does not
engage any ”empathy” or ”mirror” neurons.

If the above findings are applied to sports, two different neural strategies
could be implemented if a player aims to intercept a ball that he has just
noticed or to block a power forward’s shot. Likewise, a video where a ball is
modelled on a screen (Brouwer et al., 2006), or fired by a machine (Land &
McLeod, 2000), and a video with a person shooting the ball do not present
equivalent information for neural processing. Only the cases with visible
actors would activate any ”mirror neurons” that are engaged in predicting the
goal of action. The automated situations leave only the physical properties
of motion for analysis. This may also explain some variations in the results
of what are the critical factors to predict the trajectory of a ball, depending
on whether the human initiator could be observed before the object motion
(McLeod & Dienes, 1996; McLeod, Reed, & Dienes, 2003; Brouwer, Brenner,
& Smeets, 2002; McBeath, Shaffer, & Kaiser, 1995).

Brouwer et al. (2006) have pointed out that motion projected on a screen
may not provide the observer with every necessary cue that is used in real
situations. In the research, they generated the motion of a tennis and a
volley-ball and asked the participants to estimate whether the ball will land
before or behind the person. They opine that the vertical angular veloc-
ity may be used as the main cue, contrary to the results of Oudejans et al.
(1997). Because of display limitations, a blank background with no reference
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objects and screen resolution may deprive the observer of sufficient infor-
mation about the angular expansion of the approaching object. Moreover,
stereopsis can contradict the perception of an approaching object which is in
fact drawn on the screen. On the other hand, if the observed motion occurs
predominantly in a single plane, more can be said about the sequence of gaze
shift and limb movements. Importantly, Johansson and collaborators (2001)
could arrive to their exact calculations concerning the timing and sites of
gaze direction because the action observed took place in a single plane, with
no objects approaching or receding significantly. Similarly, we selected the
sports situations that develop mostly in the same plane and proposed to use
clustering methods to gaze targets.

2.2 Eye movements are directed to pivotal points in the scene

The time that a person looks at a point with suppressed eye movements
is called a fixation and is related to information processing demands, while
the shift of a person’s gaze, or saccade, is related to task and motivation
specific factors (e.g., Leigh, & Kennard, 2004). Unlike in other voluntary
movements, the velocity of rapid eye movements, or saccades, cannot be
voluntarily controlled. Yet this velocity is correlated to the amplitude of
eye movements, the ”main sequence” relationship, and some factors, such as
alertness or fatigue, can alter it (Snyder et al., 2002). The velocity depends
on the cause of saccades, the visually guided ones are faster than memory
or audially guided ones (Smit, & Van Gisbergen, 1987; Snyder et al., 2002).
The velocity of saccades of certain amplitudes can also be modified by neural
processes, Snyder et al. (2002) found that a coordinated arm movement
promotes a faster saccade than if the arm and the eyes move in opposite
directions.

Hayes and co-workers (2007) define visuomotor action ”fluency” as the
ease of processing of some observed action. An object whose motion path is
not obstructed is generally perceived as ”more fluent”, with the processing
speed being a possible but not the ultimate reflection of this. The familiarity
of the object in focus has been reported to influence the ease of the situation’s
processing, actions on familiar objects are perceived as more fluent. This may
be suggestive of the fact that if this object, e.g., a ball, has been a key element
in the sports practice of the athletes, it will put them and non-athletes to
different perceptual states in the observing of a filmed ball shot. Conversely,
if athletes and non-athletes are presented with an action that is novel to all
of them, the intrinsic visuomotor differences and adaptation skills could be
assessed in both groups.
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If an action is not fluent in the sense that some obstacles need to be
avoided, the coordination and timing of gaze with respect to other body
movements can be monitored. The group of Johansson and colleagues (2001)
have found that some sites are always visually attended while others become
optional targets as an object is moved. If a bar is carried to touch a switch,
the grasping site on the bar and the target switch were always looked at. In
the same cases, the participants tended to look at other points, such as the
intended trajectory points rather than the most salient parts of the obstacles.
Notably, if the central vision and eye movements were not employed in the
control experiments, the performance did not deteriorate significantly. In a
task that involves a motor action, the gaze is shifted to the points that are
relevant for the procedure instead of the points of highest contrast or other
remarkable physical features.

In the cases when the main setting involves objects approaching, sports
experience is assumed to map one or more variables onto others, like the
initial ball velocity and height onto the flight distance and bounce time.
Land and McLeod (2000) have explored the gaze of cricket batsmen and
found that the ball is not followed throughout its flight. In the first 100
or 150 ms after the ball launch batsmen shift their gaze to the estimated
bouncing site. The ball is then traced after the bounce, when the angular
expansion of the ball may provide further details necessary to hit it. Right
after the launch, the ball is too small and too fast, and empirical mappings
rather than calculations from the retinal information yield the estimate of
the future bounce point. Experienced batsmen appear to use more of smooth
pursuit eye movements in combination with saccades, thus minimising the
saccadic suppression of the visual information.

Does this eye velocity and amplitude relationship change if an observed
sports situation gets familiar? Do athletes and non-athletes adapt their eye
movements to different extent, as the situation becomes ”more fluent”? Do
the ranges of velocities for the two groups differ significantly? These issues
were addressed by exploring the ”main sequence” relationships for the films
demonstrated.

2.3 Martial arts and dance as ”unfamiliar” sports

The ball sports can be contrasted to some sports that lack a clearly defined
target of actions, and the exact performance rather than a reached visible
goal is important. In karate, like in several other martial arts, mastery is de-
termined in tournaments as well as in individual performance. The individ-
ual performance, called ”kata” or ”forms”, consists of a series of pre-defined
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movements. The athlete’s performance is assessed in terms of precision and
timing of these movements. Every movement does not last the same time,
some key positions or ”kime” are accentuated and are followed by a pause
of approximately 1 second. Since this performance is self-paced, it involves
movements that are not usually possible to perform during a tournament
because the opponent would intervene or the rules prohibit such actions
as overly dangerous. These movements include intricate jumps, kicks and
punches to the side, turns etc. Within one position, the exact sequence of
actions is important. For instance, the head must be turned briefly before
the trunk turns and a block is made, i.e., an imaginary attack is first recog-
nised and then responded to. Turning the head simultaneously or after the
trunk would be considered as an error by the referees. Therefore karate ex-
perts spent years in practicing fast and clear movements that are made to the
exact location at the exact time. The ”kata” are usually highly symmetric,
many movements follow in pairs to the opposite sides. As a rule, there is also
a central axis along which distinctive movements are made, the symmetry is
then observed in the forward and backward movements and the performer
ends the ”kata” at the place it was started. In fact, ”fighting a shadow” in-
volves several imaginary opponents, therefore after performing some action
the athlete can abruptly turn around and proceed with the defence and at-
tack to the opposite direction. Some ”kata” involve several transitions from
slow and gradual changes in position to fast and strong movements.

The tournament, called ”kumite” or ”sparring”, follows the rules of what
punches or kicks would score. Thus the goal is not clearly defined, there are
various actions that would lead to a victory in a dynamic process. Unlike the
basket in basketball, the ”target” is never still and is constantly on the move
to mislead the opponent. These rules are style-dependent, in some styles
hitting the opponent with an elbow or knee is not allowed. Likewise, in more
ortodox styles, as in the one we filmed, a punch must be made in a straight
line to certain areas of the opponent’s body and the hand must be returned
back to the waist level to earn a point. Also the space of the tournament
is outlined, and the tournament is halted if any of the participants crosses
the line. As contrasted to the above two, a Latin dance, being a cooperative
rather than a competitive action, follows a certain rhythm but often lacks
symmetry. The lack of symmetry means that the moves to the right and to
the left may differ, like in the jive, and the gentleman may make movements
than cannot be deduced from the lady’s part, and vice versa.



3. HUMAN VISUAL SYSTEM IN CLASSIFYING
NATURAL OBJECTS

The more complex an image is, the more of computational time the processing
takes. This is not always the case with the human visual system, however.
Individuals can recognise photographs faster than it could be expected from
the research of laboratory stimuli.

3.1 Image Categorization

Two separate lines of research converge in the natural image classification,
one dealing with the biological vision and the other with the artificial one.
For the latter, machine vision experts look for image features that bring auto-
mated image segmenting closer to human performance. Image cues, such as
brightness, colour, edges and texture, enable objects to be identified and clas-
sified by a computer (Shi, & Malik, 2000; Martin et al., 2004). Grouping im-
ages by the colour pixel distribution in a digital photograph has been shown
to be a successful approach to rapidly categorise digital images (Greenspan,
Goldberger, & Ridel, 2001; Goldberger, Gordon, Greenspan, 2006). This
is aimed at the image database search, like data mining (Greenspan, Gold-
berger, & Eshet, 2001) or medical data analysis (Lehmann et al., 2005).
Computer vision is inspired by the findings of the human and animal vision.
Thus in the categorisation tasks the nature and limits of the human visual
system are explored. It is done under conditions of short image presentation
and the demand for a rapid behavioural response (VanRullen, & Thorpe,
2001), increased number of simultaneously presented items (Rousselet et al.,
2004), deteriorated image contrast (Mac et al., 2005) and other constraints.
It has been long recognised that visual processing of some object categories,
for instance, faces, can proceed through highly specialised pathways and
elicit responses in the primate superior temporal sulcus as early as in 100
milliseconds (Perrett et al., 1982; Rolls et al., 1994). What types of pictures
correspond best to the real world objects in human and animal visual system
has also been a matter of detailed study (Bovet, & Vauclair, 2000). It stirs
the question of what higher cognitive processes are involved (VanRullen et
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al., 2002; Evans, & Treisman, 2005).
At rapid sequential visual presentation of images psychophysical responses

to classify images have the median reaction time of 445 milliseconds, with
the shortest being below 400 milliseconds (Thorpe et al., 1996). In the objec-
tive measurements, differential neuromagnetic signal for the first pass starts
after 150 ms both for targets and distractors (VanRullen, & Thorpe, 2001),
with the following behavioural of high precision (above 80 per cent). This
has led to alternative models for the neuronal communication in the visual
pathway (Van Rullen et al., 1998), which has been supported by the data
from other sensory systems (Johansson, & Birznieks, 2004; VanRullen et
al., 2005). Research suggests that the differential neural activity, which is
evoked by semantic categorization of objects into groups like natural objects
(animals, plants) or man-made objects (furniture, clothing), is not task de-
pendent (Lw et al., 2003). If one compares the time for cortical processes for
isolated objects as detected by Lw and collaborators, and that for objects
in context (VanRullen et al., 2002; VanRullen, & Thorpe, 2001), it can be
argued that the context facilitates classification of object images but is not
the decisive factor. The interpretation of diverging electrophysiological activ-
ity for distinct image categories is not clear-cut (Kirchner, & Thorpe, 2006;
Johnson, & Olshausen, 2003), psychophysical response needs to be correlated
to it for describing recognition.

3.2 Eye movements in image classification

In a recent paper, Kirchner and Thorpe (2006) report that eye movements
may emerge as a faster way to respond in a classification task. With the
minimum reliable saccade response time of 120 milliseconds, this is even
faster than the differences in the ERP (Thorpe, Fize, & Marlot, 1996) and
has inspired possibilities that each pass of image processing actually uses
a different neuronal path. Previous research points out that two images
can be visually processed as fast as one (Rousselet et al., 2002). Repeated
presentation of the same images does not improve their recognition speed or
accuracy, no image specific learning has been found (Kirchner, & Thorpe,
2006). The same researchers also report that no hemisphere-specific effects
could be found in healthy participants.

The proposition of Kirchner and Thorpe (2006) was followed to use eye
movements to categorise images. Since piloting research hinted that no dif-
ferences between response and the image presentation side, all images were
presented on the right side only as then the eye-tracker adjustment was more
reliable for wider faces.
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Together with the analysis of the psychophysical response, the nature of
small fixational eye movements before it was explored. Hypothetically, the
image recognition and classification could act as an internal cue for the gaze
stability before a conscious and voluntary action is performed. It was also
the research question how rapid is the categorization process if it is not fa-
cilitated by the alternative forced choice paradigm and less trained by the
number of images presented in sequence. We term a saccade towards the side
of image presentation a pro-saccade, whereas an opposite movement an anti-
saccade. Both of them are in fact voluntary saccades (Leigh, & Kennard,
2004; Munoz, & Everling, 2004), with a memory guided component. Upon
image presentation a reflexive response must be suspended until a hypothesis
concerning the object reaches conscience. Since animal category form a per-
ceptually distinct group, a movement towards the site of target presentation
can require less conscious effort with practice.

The hypothesis was probed that the saccade response times of 120 ms
may not be universally found in image classification tasks (Podniece, 2006).
Specifically, we expect longer response times if the series of images is shorter
and only one image is seen on the screen in each trial. The ”forced choice”
thus is not of choosing one image or the other, but respond with a saccade to
a target image, and with an anti-saccade otherwise. We also hypothesize that
the time it takes for the cognitive image processing and oculo-motor response
may be reflected in the following saccade. Some signs of recognition decision
could be observed in the stability of fixation before the launch of the response
to categorise.



4. RESEARCH OF READING

Last few decades have produced more textual information than the centuries
before. The increase in the information spurs the need of efficiency in text
selection. Equally beneficial it is for a person to make the most of their read-
ing skills. Family and schools are guiding the formation of reading abilities,
yet the impact of the individual factors must be borne in mind (Byrne et
al., 2007). The role of an institution of higher education also should not be
neglected. Therefore several types of reading research have been undertaken
within the present research and the bachelor thesis supervised by the author
(Bagucka, 2006; Goršanova, 2007; Jokste, 2007).

4.1 Eye movements in reading

Eye movements have been extensively used in reading research (Sovik, Arntzen,
& Samuelstuen, 2000; Rayner, 1997; Rayner, 1998; Starr, & Rayner, 2004).
They yield a quantitative description of human behaviour, even though the
relationship between reading rate and eye movements is not clearly delin-
eated (Starr, & Rayner, 2004; Rayner, & Juhaz, 2004). On one hand, the
re-positioning of gaze while reading a text is known to be an indicator of a
shift in visual attention (Sovik et al., 2000). On the other hand, models have
been developed about word parameters in a text and their impact on eye
movements (Reichle, Rayner, & Pollatsek, 1999; Lehtimaki, & Reilly, 2005).
Words in a text may be skipped in a non-accidental manner, word omission
without losing the meaning in silent reading is related to word frequency,
contextual clues and peripheral processing (Drieghe, Rayner, & Pollatsek,
2005).

The variables of eye movements that research may be aimed at are fix-
ations, saccades and regressions (regressive saccades). While reading, the
gazes progresses over the text in a series of jumps Fig. 4.1)Fixations are the
periods when gaze is relatively stable. In reading, it is a time of 200 to 300
milliseconds when the visual information is being processed and a move to
the next site of interest is being prepared. Of that time, a reader needs at
least 50 milliseconds for the word to be passed to the visual cortex (Rayner,
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1998). The longer the fixation, the more cognitive processing was needed be-
fore reading can proceed. Word length, frequency, context and other textual
clues contribute to variations in the duration, for a single text fixations can
last from 100 to 500 milliseconds.

Fig. 4.1: Gaze in reading is a pattern of fixations (shown by hatched circles)
and saccades (connecting lines) In a textbook page, several areas of interest
(AOI) can be defined, and gaze can be analysed for the main text and side
columns separately.

No evidence exists that any information is acquired during saccadic eye
movements themselves. Upon completion of a fixation the eyes are redirected,
this type of targeted eye movements is referred to as saccades if performed
in the direction of reading (left to right for Latin or Cyrillic based texts) or
regressions if the gaze returns to a previously read fragment. Ten to 15 per
cent of the reading time is spent for returning to previous passages. Saccades
cover six to nine letters in English texts and take 20 to 40 milliseconds on
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average. For the same text, saccades as short as one character or as long as 15
characters can be found (Rayner, 1997; Rayner, 1998; Starr, & Rayner, 2004;
Lehtimaki, & Reilly, 2005). The more letters a reader covers per saccade,
the faster she progresses through the text.

4.2 Binocular interactions and parafoveal influence

The issues pertaining to the binocular coordination may affect the calcula-
tions of eye movements. It has been investigated that for an adult reader
horizontal and vertical movements of both eyes are in tune. This process in
adults is more precise, resulting in the difference of saccade size of 7% for
both eyes as compared to 18% in children (Bucci, & Kapoula, 2006; Engbert,
& Kliegel, 2004a), other indicators being less affected. Binocular eye track-
ing is the option of choice over the dominant or non dominant eye tracking,
whenever it is technically possible. As a process that involves eyes and many
brain areas in whole, reading nevertheless is tightly bound to the central vi-
sual acuity. Moving one’s eyes becomes necessary since the visual acuity, and
thus the capability to recognize characters, drops rapidly off the centre. A
saccade is launched to bring into focus a text fragment that was not clearly
visible. The highest visual acuity is found in the foveal region of the human
retina that horizontally spreads 1 degree to both sides from the point of re-
gard. Longer words are projected outside this area onto the parafoveal region
that stretches approximately 5 degrees from the point of regard. Parafoveal
region facilitates word processing and is instrumental in word skipping. This
region corresponds closely to the perceptual span, for a reader of Latin based
texts it consists of 15 characters or so to the right and three characters to
the left from the point of regard at a single fixation. Perceptual span may be
smaller in less skilled readers (Starr, & Rayner, 2004), the parafoveal infor-
mation seems to be extracted less effectively and hence shorter saccades need
to be made. Word identification span is smaller than the perception span
and usually reaches out to eight letters from the fixated point (Enbert, &
Kliegel, 2004b; Drieghe, Brysbaert, & Desment, 2005; Drieghe et al., 2005b;
Rayner, Liversedge, & White, 2006; Rayner, 1998).

According to the current research in the field, the information that is ex-
tracted from the text on parafoveal regions is the length of the forthcoming
word, recognition of short words and partial processing of longer words. A
saccade is targeted when the lengths of the next words are detected. Short
word recognition before foveating them allows for word skipping, whereas
partial processing of longer words promotes reading by reducing recognition
times on fixation (Rayner, 1997; Starr, & Rayner, 2004). If the surround-
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ing words are masked and no useful information is available from parafoveal
areas, reading is slowed down (Rayner, & Juhaz, 2004; Drieghe, Brysbaert,
& Desment, 2005;Drieghe, Rayner, & Pollatsek, 2005). Eye Movements and
Word Skipping During Reading Revisited. Journal of Experimental Psy-
chology: Human Perception and Performance, 31 (5), pp. 945-969.). Word
skipping and regressions may be thought of as two opposing forces modify-
ing the speed of reading. Regressions cause the reading speed to drop. In
contrast, a skilled reader omits inferred words and thus gains the speed since
approximately 30 per cent of words in a text may be skipped, contextual
clues and word length are the principal determiners of word skipping prob-
ability (Rayner, & Juhaz, 2004; Drieghe, Rayner, & Pollatsek, 2005). The
skipped words are at least partially available for cognitive processing, recog-
nition by peripheral vision or an ’educated guess’ of shorter words may be
the mechanisms that leave the reader content (Drieghe, Rayner, & Pollatsek,
2005; Radach, & Kennedy, 2004). Lower level oculo-motor processes slightly
deflect the saccade landing positions away from the optimum (Lehtimaki, &
Reilly, 2005). For English texts, a reader is tended to land the saccades in
between the beginning and the centre of words. It remains to be clarified
whether the optimal viewing position is similar for the languages like Latvian
where the word endings matter.

4.3 Text understanding and reading speed

Since teenage years, when optimal ocular coordination has been achieved,
the reading speed may change little. It depends not only on the reader’s
skill but also on the type of the text. A person with an average of 250
words per minute may read a particular text with a speed between 100 and
500 words per minute depending on the purpose, interest, text difficulty and
reader’s vocabulary in the selected area (Sabatini et al., 1995). Intelligence
and early reading training may prime a child for becoming a fast reader,
as may be inferred from existing research (Jacobson, & Lundberg, 2000).
Reading speed or fluency is descriptive if the degree of text acquisition is
also provided. Auxiliary knowledge aids text comprehension, for instance, so
does language mastery, general world knowledge and knowledge of the topic
described. Some readers may be skilled because they are better in making
use of their existing knowledge.

The validity of any reading experiment would be undermined without the
means to control comprehension. For oral reading there is straightforward
way to evaluate whether the text has been read in its entirety. Silent read-
ing should be accompanied by some kind of additional tasks during reading
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itself or by posterior assessment, for instance, through multiple choice ques-
tions or filling in the blanks. As a rule, reading training that demand the
comprehension level of at least 75 per cent do not report any reading speed
improvement beyond 600 words per minute (Calef, Pieper, & Coffy, 1999).
Comprehension is determined by three types of factors. First, the short term
and working memory is involved in manipulating the freshly acquired in-
formation, whereas the long term memory is essential for vocabulary and
general knowledge. Second, brain areas responsible for phonological word
processing are crucial for silent text reading as well. Third, skilled readers
appear to be better at decoding the sentence structure and anticipating the
following words (Lesaux, & Lipka, 2006).

There is no unequivocal explanation of the link between text compre-
hension and reading speed. A controversy still exists, since people who are
skilled readers before training seem to comprehend text better than their
counterparts who have reached the same reading speed through training. If
a mature person is trained in reading, the improvement of the speed comes at
the expense of comprehension and retention of the meaning (Dyson, & Hasel-
grove, 2001). This issue brings the educator to the question if the screening
of reading skills and training should only be initiated as early as possible or
if there is sufficient motivation to train adult population with low reading
skills.

4.4 Detection of gaze shift and gaze holding

How does eye movement research in reading may improve textbooks, pro-
vided that the eye-tracking devices and algorithms differ? Could laboratory
conditions, such as head stabilizing or the eye-tracker’s helmet, modify the
results of cognitive tasks to various extents? The results of fixation and
saccade detection were contrasted, those recorded by two video-based eye-
trackers, one with a chin-rest and the other being helmet-mounted. The
detection algorithms and text difficulty were the same in both cases, whereas
the data sampling frequency and participants’ position differed. The latter
two vary considerably in the eye movement research reports, with the eye po-
sition sampling rates ranging from 100 Hz or less (Oommen, Smith, & Stahl,
2004; Pelz, Hayhoe, & Loeber, 2001; Svik, Oddvar, & Samuelstuen, 2000)
to 1000 Hz and eventually more than that (Nuthmann et al., 2007; Rayner,
Liversedge, & White, 2006; Ditterich, Eggert, & Straube, 2000). Some re-
search situations impose strict limitations on the equipment to be involved,
the one used in infant vision research or vision in sports action sampled the
signal only 30 times per second (Martell, & Vickers, 2004).
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Notably, in the entire range of digitizing rates not only fixations, but
also gaze shift parameters, like saccade timings and velocities, are obtained
(Leff et al., 2000; Pelz, Hayhoe, & Loeber, 2001; cf. Proudlock, Shekhar, &
Gottlob, 2003; Ditterich, Eggert, & Straube, 2000). Given that the tempo-
ral precision alone in the reported results differs by an order of magnitude,
it was substantiated to explore which parameters may indeed be treated
as equal irrespective of the apparatus. This research compares the results of
infra-red eye-trackers that calculate eye position from the centroids of corneal
reflection and pupil area. Yet suffice it to mention that a broad spectrum
of implementations is represented also in other eye-tracking techniques, for
instance, the magnetic coil (Pelz J., Hayhoe M., & Loeber R., 2001; Stahl,
1999; Stahl, 2001; cf. McDonald, 2006; Seo, & Lee, 2002) and Dual Purkinje
Image (Schnitzer, & Kowler, 2006; Ashby J., Rayner K., & Clifton C., Jr.,
2005; Blythe et al., 2006). Comparison of video-based and other eye-tracking
methods is done elsewhere (e.g., van der Geest, & Frens, 2002). High data
precision has mostly been achieved through fixed-head protocols (Blythe et
al., 2006; Vitu et al., 2006), more mobility for a participant as a rule is traded
for precision of the data (Oommen, Smith, & Stahl, 2004). Reportedly, re-
cent developments allow the video-based oculographs to achieve the same
precision in the head-free condition as is in head-fixed (Proudlock, Shekhar,
& Gottlob, 2003). In essence, the two setups that we used were represen-
tative of two trends in technology development, namely higher precision or
more of participant’s mobility. One of them (iViewX Hi-Speed, SensoMo-
toric Instruments) is capable of compensating small head movements, and
a participant’s head is stabilised on a chin-rest instead of being fixed by a
bit-bar, similar to the one used by Rayner et al. (2007). The second one
(iViewX HED) is mounted to a light-weight helmet and its precision is close
to other unrestricted head setups (Oomen, Smith, & Stahl, 2004).

4.5 The impact of text formatting

From the previous research in the field one could expect that gaze shift pa-
rameters are task dependent and thus could indeed vary among the stabilised
and free head conditions. Even though saccades were shown to contribute
for about 95% to the gaze shift in reading either horizontally or vertically
aligned Korean text (Seo, & Lee, 2002), their dynamics diverged in both
cases. Thus the peak velocities of gaze saccades were shown to be higher for
reading horizontally aligned texts, as reflected in the ’main sequence’ plots.
The lower velocities in vertical reading were accompanied by a stronger eye-
head coupling in the reading of the same texts that were aligned vertically.
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In the research of Seo and Lee saccades were found to have smaller ampli-
tudes in the vertical direction, with the mean of 3.4 degrees as contrasted to
4.4 degrees for the horizontal text reading. This finding, along with longer
regressing and fixations, is thought to justify the 24% lower reading speed
in the vertical reading. In their paradigm Seo and Lee analyzed the data of
six participants. Reportedly, both horizontal and vertical alignment of text
is common for the contemporary Korean language, therefore neither of the
reading conditions is essentially novel for the native speakers that volunteered
to Seo and Lee’s research. In spite of the fact that the duration of fixations in
total was mentioned to contribute to the discrepancy in the reading speeds,
their difference in fact was not statistically different. Moreover, their means,
namely, 242 and 233 ms, were even witnessing to slightly larger durations
in the horizontal reading condition. In fact, reading research indicates that
gaze holding is controlled by cognitive factors independently from the gaze
shift conditions (Starr, & Rayner, 2004; Rayner, 1998; Rayner, & Pollatsek,
1981), so a change in one of them must not be necessarily accompanied by a
change in the other.

The outcome that eye and head coordination can be flexibly coordinated
has also been shown for reading Latin based texts (Proudlock, Shekhar, &
Gottlob, 2003). The researchers have compared reading of text printed on A4
size pages and bent sheets extending 90 degrees. They found that horizontal
head movements play a minor role in reading a standard page, accounting
only for 4.3% of the gaze shift. In contrast, approximately 40.3% of the hori-
zontal gaze shift was due to head rotation in reading spatially extended text.
Proudlock and colleagues conclude that eye-head coordination can show a
large degree of adaptation depending on conditions imposed by a task or
otherwise. They also have investigated the issue of vertical eye and head
coordination during reading and found that approximately half a distance
that the gaze traverses during reading, i.e., from one line to the next one,
is accomplished by head movements. It has also been demonstrated that
head movement propensity was smaller in reading than in simple saccadic
task. This has lead to the conclusion that head movements are suppressed in
standard reading conditions in order to achieve more stable fixations. This is
also consistent with the research of Epelboim (1998) concerning image stabil-
ity and smaller head movement amplitudes. Another finding of Proudlock,
Shekhar, & Gottlob (2003) that pertains to this research is that the gaze
velocity is larger in repeated reading of the same text. They report that
this increase is due to a larger velocity of head rotation. Hence in repeated
head-free experiments using the same text can produce different results from
the onset, probably texts of similar difficulty level would rather be used. On
the other hand, multiple readings of the same text do not produce observable
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differences if the task involves change detection. For the head-fixed condi-
tion this has been reported in a longitudinal research of Schnitzer and Kowler
(2006).

4.6 Tracing changes in eye movements

Reading performance of a person is not a static phenomenon. Text parame-
ters, such as word predictability and frequency, interact with the reading skill
to produce differential effects at repeated measurements (Ashby, Rayner, &
Clifton, 2005). In addition to that, a person’s reading skill can improve over
time, this is to be expected during schooling. Yet the robustness of an eye-
tracking system may mask the statistical (and practical) changes in reading
by the same person, though two readers may be easily told apart. That is
to say that even if two eye-tracker sets may suggest equal conclusions about
the current state of the reading skill, they may be not be equally sensitive
to trace changes. Has a student improved her reading skill? Is the new text-
book easier to read than the former? We introduced the training factor to
our research. After a month of pre-defined reading training, six volunteers
returned to read different pages from the same textbook (see Methods).

A helmet-mounted eye-tracker, albeit using a light-weight and less precise
infra-red camera, allows one to contrast and compare silent and oral reading.
It also allows a reader to assume casual position with a book in hands. On
the contrary, devices that ensure high precision of the eye movement data, as
referred to above, usually require a person’s head to be immobilised in front
of a screen. Hence they are efficient for silent reading research, leaving oral
reading to more descriptive methods (Svik, Oddvar, & Samuelstuen, 2000).
We took the advantage of the head-free measurements and introduced an
oral reading task. Presumably the proportions of reading speeds and eye
movement parameters could testify to possible missing or miscalculated data.
Gaze holding (namely, fixations) and gaze shifts (saccades but not micro-
saccades) for two silent reading tasks (head fixed and head free) and an oral
reading task were calculated and compared. In the task where the head was
stabilised, the volunteers read two columns from a scanned page. In the free
head measurements, the participants read a column from a page silently, then
switched to oral reading of the second column. All three tasks were repeated
after the reading training.
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5. RECORDING OF EYE MOVEMENTS

In the spectrum of techniques that can register eye position the iViewX eye-
trackers represent the infrared recording equipment. More specifically, this
type of eye-trackers are the video-oculography (VOG) devices (Collewijn,
1998). This means that the device analyzes the eye image (in two dimen-
sions) nearly in the real-time. Possible delays (in milliseconds) are due to
computational time. However, during an experiment, the PC is dedicated
solely to eye-tracking, with many system processes disabled. The advantage
of real-time analysis and visualization is that the experimenter can make any
detection threshold adjustments, if necessary, without losing the data or the
experiment being repeated. The infra-red recording techniques are based on
the fact that the radius of cornea is nearly 8 mm, while the distance from the
corneal surface to the axis of ocular rotation is about 13.5 mm (Collewijn,
1998). Therefore an eye movement is accompanied by a displacement of the
reflection relative to the cornea.

The iViewX eye-trackers analyze the centroids of the reflection from the
human cornea and the dark image of the pupil. By tracking these two pa-
rameters, the device can compensate for translational head movements. It is
possible since the reflection from the 1st corneal surface, or the 1st Purkinje
image, is nearly the sine of the angle of eye movement, whereas the center of
the pupil moves twice faster (Collewijn, 1998). The setup is further classified
as a ’dark-pupil’ device, which means that, unlike in some ophthalmic instru-
ments, the incident and reflected light beams are not collinear. The ocular
media are transparent to visible light but absorb the infrared wavelengths
(Ober, 1994). Thus the pupil area is the darkest region analyzed, whereas
the 1st Purkinje image is the brightest region seen. Suffice it to say that the
eye image seen on the experimenter’s screen in the infra-red image converted
to a black and white visible video. In fact, the participant does not sense
that her eye is monitored.

Being non-invasive, the VOG technique is favoured over the magnetic coil
by some scientists because the measurements can be set up faster and do not
require special medical skills from the experimenter, neither does it require
preparing the participants(Ober, 1994; Collewijn, 1998).

For the further discussion, a distinction pinpointed by Collewijn (1998)
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is observed. Thus if the eye position is recorded relative to the head, it is
referred to as the eye position (gaze-in-head). In contrast, gaze is the eye
position relative to the surroundings. In the case of fixed head recording both
coincide, while only eye-in-head measurements are possible for the helmet-
mounted device since no head-tracking has been implemented.

5.1 The iViewX Eye-Trackers at the University of Latvia

Movements of the right eye during experiments were tracked by an iViewX
system (SensoMotoric Instruments, Germany). The system has the option
of either the tracking column or the helmet-mounted videooculograph to be
powered (Fig. 5.1). The eye-tracker with the chin-rest is referred to as Hi-
Speed, whereas the helmet-mounted apparatus is the HED (for the Helmet-
mounted Eye-tracking Device). Both devices calculate the eye position from
the pupil and the 1st Purkinje reflection at the cornea, as monitored in the
infra-red light. The data were stored on the operator’s PC, Pentium 4 with
MS Windows 2000 that ran iViewX software. For the Hi-Speed experiments,
images or films were displayed on the participant’s PC, Pentium 4, MS Win-
dow XP, with a 17 inch LCD screen (Hyundai ImageQuest L72D, 1280 by
1024 pixels, horizontal refresh rate 60 Hz). The participant’s and operator’s
computers were connected through the serial port for calibration. We used
a 13 point calibration process for higher accuracy. Thus we report the data
with the spatial precision of 0.04 degrees and eye position accuracy of 0.2
degrees for the Hi-Speed. The device records eye position at the frequency
of 240 Hz, i.e., with 4.2 milliseconds of temporal resolution. For the HED
version, the spatial precision of 0.1 degree and 1.0 degree accuracy is typical,
the data are sampled at 50 Hz, i.e., every 20 ms.

The eye position was expressed in pixels, where the resolution for the
infra-red camera of the Hi-Speed corresponded to that of the calibration
screen, namely 1280 by 1024 pixels. The resolution for the HED was 768 by
576 pixels, because the calibration is done over the area viewed by the ”scene
video” CCD with the above resolution. This camera stores the scene seen by
a participant into a MPEG file and maps a circle overlay of the eye-in-head
position. The same video recording is available for the Hi-Speed eye-tracker,
and it was used to monitor if the corneal reflection is clearly visible and is not
obstructed by eyelids or lashes. To calibrate eye-tracking with the Hi-Speed,
we asked each participant to follow through a series of pre-defined points on
the screen of their PC. These points were shown randomly by the iViewX
software, the points changed if a stable corneal reflection was recorded for
at least 500 ms. The calibration for the HED was done by asking the par-
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Fig. 5.1: The combined iViewX eye-tracker at the University of Latvia
(adapted from Kotelnikovs, 2007).

ticipants to fixate a laser point on a wall at the approximate experiment
distance. These points followed in a constant order and were visible to the
experimenters on their PC. The software reported when the corneal reflection
could be clearly found for at least 500 ms, and the calibration at every point
was confirmed by the experimenters. In general, adjustments of the HED
before an experiment were more laborious to reduce helmet slipping during
head movements. Since the infra-red image of a participant’s eye reaches
the tracker’s camera after reflecting from a semi-transparent beam-splitter,
presence of the corneal reflection after changes in eyelid and head position
was verified for the HED.

Saccades and fixations were identified by separate algorithms implemented
in BeGaze, software provided by the eye-trackers’ manufacturer (SensoMo-
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toric Instruments, Germany). The letter size was calculated in pixels for
every text and considered fixations on two neighbouring letters as a single
fixation. As a sequence, all groups of data were obtained by the same eye
position detection and movement calculation algorithms, leaving all the vari-
ation to tasks or hardware limitations. Further statistical analyses were done
in Origin 8.0 or SPSS 15.0 and 16.0 for the level of significance of 0.05, if not
stated otherwise.



6. TASKS FOR COMPLEX ACTION OBSERVATION

6.1 Participants

Two groups of female volunteers, 13 athletes and 13 non-athletes, partici-
pated in the research. All participants were young adults, the average age of
the athlete group was 18.5 years and that of the non-athletes was 19.8 years.
The athletes participated were members of the Latvian National level basket-
ball teams and students of the Latvian Academy of Sports Education. They
were training 3 to 4 hours 4 to 5 days per week (in total at least 12 hours
a week). The level of their training corresponds to international standards,
this is illustrated by the fact that the Latvian team skipper was recently
named the best female basketball player in Europe. The non-athletes partic-
ipated in recreational sports 3 to 4 times a month. Neither ocular nor neural
disease had been recorded to any of the participants, and they had normal
or corrected to normal vision.

The experimental protocol was in accordance with the Declaration of
Helsinki. The participants joined the research voluntarily and provided writ-
ten informed consent after the procedure was explained to them.

6.2 Gaze data recording and processing

The possibility to mark gaze direction as a circle in the demonstrated video
was crucial in this series of experiments. A scancovertor translated the partic-
ipant’s screen to the operator PC, and the gaze indicator was mapped there
as a circle corresponding to 1 degree on the retina. Simultaneously with the
numerical data of gaze coordinates the eye tracker recorded the gaze video.
The results were saved at a resolution of 768 by 576 pixels. It enables to
estimate which body parts (shoulder, elbow, hand etc.) were looked at when
we watched through the recorded films after the experiment.

Saccades and fixations were identified by separate algorithms implemented
in BeGaze, software provided by the eye-trackers’ manufacturer (SensoMo-
toric Instruments, Germany). A saccade was calculated when the eye move-
ment exceeded the velocity threshold (35 degrees per second), while a fixation
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was detected when the eye position remained within a defined area (crite-
rion based on dispersion of the position). As a sequence, all groups of data
were obtained by the same eye position detection and movement calculation
algorithms, leaving all the variation to tasks or minor measurement errors.
Further statistical analyses were done in SPSS 15.0 for the level of signifi-
cance of 0.05, if not stated otherwise. This package was also used to perform
the hierarchical and K-Means clustering.

6.3 Procedure

The participant positioned her head on the chin-rest, any minor head move-
ments were compensated by the eye-tracking software. The participants were
seated 40 cm from the demonstration screen, thus the effective visible area
of the films did not exceed 40 degrees (horizontal). Before the start of every
trial the calibration was performed, when a participant looked at a series
of pre-defined points. We used a 13 point calibration process for higher
accuracy. Further, the colours and contrast of the calibration screen was
matched to every task separately, so that the participant’s pupil would not
change substantially during an experiment, which could lead to eye-tracking
errors.

Upon successful calibration, a short (about 30 second) film was shown to
the volunteer. The participants had no prior knowledge of how long will the
movie be. The instructions were given so that the athletes would have no
clearly training-specific advantages, we did not ask any questions as ’count
the number of left hand movements’. Every participant would decide herself
on the criteria to evaluate. The films also had implicit clues to the answer, like
the well known colour of the performer’s belt (black) or score on the screen.
It was also interesting to find if these ’environmental’ clues are grasped along
with the task at hand.

In the first three tasks, identical films were demonstrated (top illustration
in Fig. 6.1), but every time with different instructions. The film was the
karate ’kata’ performance by an individual. At first, the participants were
asked to watch the video in order to assess the level of the performer (Is he
a professional or novice? What level competitions could he take part in?).
In the second task, the participants were asked to memorize the sequence
of movements to compare to the next film. The third task was a ’change
detection’ task - were there any differences, compared to the previous film?
The particular scene we selected was a fragment of the ”kata” named ”Unsu”
and was performed by a young expert who participated in the international
competitions. The fragment included slow leg movements (motion to the side
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relative to the observer), accompanied by slow and rapid arm movements
(parrying an attack and punching the imaginary opponent or ”shadow”).
The sequence of slow or rapid movements was not known to the observers
and could not in principle be predicted.

Fig. 6.1: Snapshots of the films on the participant’s screen in Tasks 1 to 3
(top), Task 4 (middle) and Task 5 (bottom).

The fourth video was a karate tournament (middle snapshot in Fig. 6.1)
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where participants performed several attacks, whereas the opponent launched
counter-attacks. The task was, judging from the seen situations, to estimate
who of the two is more likely to win. We left the room for arbitrary criteria
selection of what will lead to scoring, i.e., we did not recite the rules of
the tournament, to allow the participants to structure the problem. Thus
it was intended to discover any strategic differences in the two groups. A
referee and the expert panel but no spectators were seen in the background
of the scene. In the real-time preview on the operator’s PC we found that
participants ignored the background during the dynamic foreground action.
We filmed tournaments, or ”kumite”, at the National Finals. We selected
a half-contact scene, which means that punches and kicks were marked but
not performed at full strength. The camera angle was such that the episodes
of ’kata’ and ’kumite’ involved movements predominantly in one plane, no
remarkable approaching to or receding from the observer occurred.

The fifth task was a scene from salsa, a Latin dance (bottom image in
Fig. 6.1). Similarly as in the first task, the participants were invited to
estimate the level of the dancers (taking part in national competitions?). As
contrasted to karate ”forms”, the timing of the movements in a Latin dance
can be predicted as it follows the same rhythm. The scene selected featured
the partners facing the camera and included also a spin, where the lady turns
towards the gentleman and further turns out to previous position.

In all the selected films the action was mostly in a single plane, therefore
changes in the angular size of the performer would not hinder further data
processing of where the viewers looked.

We did not warn the participants that the type of sports will change.
The first three films demonstrated an individual’s performance, the fourth
and the fifth film demonstrated competitive or cooperative performance of
two. The first four films featured national level athletes who went on to the
international level, while intermediate level dancers were seen in the fifth
film. We were interested in finding whether this sudden change in the type
of the scene and level of performers would lead to any detectable changes in
the eye movements of the two viewer groups. The answers to the instruction
questions were asked to maintain the attention of the participants but were
not used for further analysis, since no measurable criteria for the answers
were set.

In addition, the basketball players were shown a video of free shots by
other female athletes. Their task thus was to guess and indicate if the shot
will score. This task was devised to provide a reference level for the athletes,
i.e., their eye movements in watching the sport of expertise. No such reference
level could be defined for the non-athlete group with distinct recreational
sports.



7. IMAGE RECOGNITION EXPERIMENTS

7.1 Participants

Twelve healthy volunteers (age 21 to 24) contributed to the research, having
normal or corrected to normal near vision. The research was conducted in
accordance to the ethical standards of the local committee. All participants
provided informed consent concerning the procedure but were naive to the
purpose of the research. They were assured that the experiments would be
terminated, should they feel any inconvenience during the task.

7.2 Procedure and images

A participant was seated at the eye tracking column, the person’s head was
stabilised on a chinrest. The demonstration screen was located 40 centimetres
from the person’s eye. The person fixated the gaze on a white central fixation
point on a neutral grey screen. For the overlap paradigm, the central fixa-
tion point was on the screen during the entire procedure (Fig. 7.1, A). Two
symmetric white fixation points were seen, the image replaced one of them
for approximately 330 milliseconds. For the gap paradigm, 200 milliseconds
before an image was presented the central fixation point disappeared (Fig.
7.1, B). After a bitmap had disappeared, two symmetric auxiliary fixation
points appeared for 200 milliseconds. As soon as they vanished, the central
fixation point re-appeared for 4 to 6 seconds. Ten participants watched 30
practice images, after a break a session of 30 test images was presented in
the overlap paradigm. To two participants a 90 image sequence was shown
to two participants after 30 + 30 image training, the overlap paradigm was
used for one and the gap paradigm for the other. After a week the exper-
iments were performed in the gap paradigm. The same images were used,
but randomized, thus potentially allowing for a faster recognition. The same
mistakes were possible, though, since no feedback was provided in the pre-
vious demonstrations. A participant responded to a displayed image by a
saccade, i.e., looking at the image if it was a target. If it was a distracter
(not an animal in our case), the person was asked to make an anti-saccade,
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or look away.

Fig. 7.1: Participant’s screen in a single set of the overlap (A) and the gap
(B) trials.

The images were 300 pixels wide and 225 pixels high. The exact angle a
person saw these images at depends on the facial features, primarily on the
interpupillary distance. Thus, for the interpupillary distance of 64 millime-
tres the images subtended 12 by 9 degrees, their left edge being located 7
degrees from the central fixation point. Since the eyes converge to the central
fixation point, a saccade and an anti-saccade for the same tracked eye in fact
are not symmetric. Thus, if the image is displayed on the right side, the right
eye covers 13 degrees to the right auxilliary fixation point (a pro-saccade) but
10 degrees to the left auxiliary fixation point (an anti-saccade). The opposite
is true for the other eye.

In the data analysis, the data flow was as follows. Raw data were recorded
by the eye-tracker (iViewX, real time), it contained the position of the pupil
(in pixels relative to the screen) and corneal reflection. These data were fed
into the BeGaze software that calculated fixations, i.e., the time intervals
when the gaze did not leave a defined area (for instance, 10 by 8 pixels). In
a separate run we calculated saccades, the gaze velocity threshold was used
to these ends. Further the list of fixations and saccades were parsed in MS
Excel, SPSS 15.0 and Origin 8.0 (MicroCal). Conditional operators selected
the first saccades of every set and classified them in four categories: correct
saccades (towards a target image), erroneous saccades (towards a distracter
image, visual grasp reflex), correct anti-saccades (away from a distracter
image) and erroneous anti-saccades (away from a target image).

The test images were selected from a collection of Corel image base and
resized according to the experimental needs. The selection has been made
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so as to avoid any ambiguity, i.e., only one category has been represented in
each. Thus images of animals contained only one animal species, no techni-
cal object, buildings, food or suchlike was visible at any part of the image.
Images of animals in their natural habitats (e.g., a bird on a tree or a killer-
whale in the water) were selected as the targets, which corresponds to the
published approach (Kirchner, & Thorpe, 2006). No preference was made for
the creature’s location in the scene. No image contained a human being or
more than one species of animals. The distracters were various unanimated
objects, such as food, vehicles, constructions or landscapes. Ambiguous im-
ages (a cat on a car) were not included in the collection. Custom code has
been made in Visual Basic to display test images. It used an algorithm that
selected and inserted a random image into the background screen which was
made visible in the next set. This operation was implemented so that the
photograph appeared on the screen all at once (within one frame). The im-
age name was simultaneously recorded in the protocol file. This file was later
used to classify eye movements in correct and erroneous.

7.3 Data analysis

Saccades and fixations were calculated separately by the BeGaze software
provided by the manufacturer of the eye-tracker. Any saccades with the re-
sponse time less than 100 milliseconds after the stimulus onset were excluded
from consideration.

The gaze position for a fixed time after the stimulus onset was extracted
from the raw data by custom-made MATLAB 7.4 code. Statistical data
processing was done in MATLAB, SPSS 15.0 and Origin 8.0 with alpha
levels 0.01 if not specified otherwise.



8. READING EXPLORATION

8.1 Participants

Six volunteers read selected textbook pages both with their heads stabilised
on a chin-rest and their heads free (with a helmet-mounted eye-tracker). Six
of them practiced reading training for a month. The number of reading
trainees was chosen as to equip each of them with different textbooks of
the same difficulty level. All participants were science students of the Uni-
versity of Latvia, aged 21 to 25. They had normal or corrected to normal
near vision. Spectacle vision correction was used during the eye-tracking.
The participants were informed of the experimental procedures and provided
written informed consent. The tests were conducted in accordance with the
tenets of the Declaration of Helsinki.

8.2 Materials

The history text series contained seven books by Andris Rubenis of the same
formatting. Six of the books were handed out as reading practice tools.
The seventh was available only to the experimenters, texts for eye tracking
experiments were selected from it. Every page was divided into two columns,
two lines 65 characters each. Books were written in Latvian, the language
of studies for all the participants. None of the participants had read them
before, neither had they read the experimenters’ book during the reading
practice.

8.3 Procedures

Since bitmap resolution on the screen (in pixels per inch) is considerably
smaller than the resolution (in points per inch) of the printed text, we ad-
justed the distances for the reading and tracking comfort rather than letter
size equality. Participants were seated 40 centimetres from the screen when
their head was stabilised on the chin-rest. During the head-free trials, we
measured the distances the participants held the book at in order to calcu-
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late angular parameters, the distance being approximately 50 centimetres.
For this distance the angular size of the letters on the PC screen was 1.4
times larger than on the printed pages. As with the HED eye-tracker the
participant was free to change posture during reading, this distance varied
and introduced a 10% uncertainty to the angular size of letters. The eye
movement parameters were calculated for a page of text (170 words) for the
on-screen reading (head stabilised), half a page for silent reading and half a
page for oral reading (head free).

Six participants volunteered to consciously monitor their reading and im-
prove its efficiency. They spent at least half an hour three times a week
reading the history textbooks provided by the experimenters. The written
instructions to the participants contained advice like ”Check if you do not
move your lips while reading”, ”Make sure you do not hear the words in your
mind”, ”Do not return to the lines you have already read”, ”Try to start
reading a new line from the second word and end with the one before the
last.” These were supplemented by online tutorials. The time dedicated to
reading practice, number of pages read, main contents and average reading
speed were reported on a weekly basis. After a month they returned for re-
peated eye-tracking experiments. These were performed as before, with new
test pages selected from the experimenters’ textbook.

Saccades and fixations were identified by separate algorithms implemented
in BeGaze, software provided by the eye-trackers’ manufacturer (SensoMo-
toric Instruments, Germany). In the tradition of reading research, gaze
within two neighbouring characters was considered as a single fixation (Rayner,
1998). As a sequence, all groups of data were obtained by the same eye posi-
tion detection and movement calculation algorithms, leaving all the variation
to tasks or hardware limitations. Further statistical analysis was done in
SPSS 15.0 for the level of significance of 0.05, if not stated otherwise. Sta-
tistical tests were applied according to existing practice in reading research.



Part III

RESULTS AND DISCUSSION



9. GENERAL CONCLUSIONS

In this research, the same eye-tracking equipment has been exploited in three
groups of experiments that usually are carried out in specialised laboratories.
Thus, apart from the immediate results, further lines of research, and possible
pitfalls, were outlined. The rapidly presented image recognition and sports
vision research were enabled by the video boards of Fig. 5.1 that have been
installed during this research. The possibility to see the participant’s screen
on the operator’s PC, through the scanconverter, allows for online control of
data quality. The recorded video files (MPEG) can further be analyzed, as
has been done in estimating what parts of a performer’s body are followed in
sports situations. The PC boards are also mandatory for the helmet-mounted
oculograph in free head reading research.

The same line of reasoning has been followed in all three experimental
parts when the data were considered. The questions of whether the variables,
like the duration of fixations, are normally distributed and their variances are
equal, along with the understanding of the independence of the data points,
were to be answered before claiming the aid of a statistical test. The ’main
sequence’ analysis, the fact that the amplitude is linked to the velocities of
the saccades up to 20 degrees, has been applied in both sports and reading
research.

A major challenge behind the image classification task was operating
with large sets of data. Eye movements were recorded in up to 92 sets, 90
experimental and one non-informative set for the start and the end of every
session, respectively. Selecting the first 800 ms of every experimental set,
averaging them and looking for the correlations of the horizontal and verti-
cal gaze coordinates in every of them required genuine algorithms that could
be implemented by custom-made codes. Noteworthy, the methods to ana-
lyze raw gaze data were developed besides using the indicators obtained by
the manufacturer’s software, namely, the saccade response time (start time).
The experiment could be introduced only because another custom software
selected images randomly and sent a trigger signal through the parallel port
from the participant’s PC to the operator’s PC. In this way, every time a
new image appeared on the participant’s screen, a new set was started in the
recorded data (within 1 ms).
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Finally, the statistical tests only lend credence to some conclusions. What
are these conclusions, and how are they applicable in the present and future
research at the University? In addition to the conclusions described in the
following chapters, several other outcomes could be generalized. From the
sports research, the method for presenting and analyzing video films has
been devised. This was supplemented by the facility to synchronize the two
computers, a scheme first introduced by Ivans Ļeonovs, and applying it to a
research with large data sets. Free head eye-tracking has been explored and
compared to the better known fixed head HiSpeed findings, and its applica-
bility to silent reading was proposed.



10. ATHLETES USE TWO EYE MOVEMENT
STRATEGIES

Three questions were tackled to explore the way the participants respond to
unfamiliar sport situations. Is an athlete’s visual system faster to explore
novel motions? To answer this, we calculated eye velocities and compared
the confidence intervals for the basketball players and non-athletes groups.
Do the groups spend different time to trace human movements? We then
compared the distributions of gaze fixations and checked them for any sig-
nificant difference. Where do the participants look? The fact was used that
the visible actions occurred mostly in a single plane and applied clustering
algorithms to fixation coordinates. By reviewing the recorded eye movement
videos we also could estimate whether the participants made predictive eye
movements, or they made only reactive ones.

10.1 Do the athletes make faster eye movements?

Saccade velocities depend on its amplitude, i.e., the larger the gaze shift
is, the faster the eyes move. If the saccades were made to a target at a
defined range of distances, the saccade velocities of the participants could be
compared directly. Since the viewers explored a real action and the research
intended to record their ’natural’, unrestricted eye movements, a different
route of the data processing was chosen. The ’main sequence’ analysis relates
the peak velocity of an eye movement to its amplitude over duration, or
the average speed. Thus in the ’main sequence’ plot saccades of different
amplitudes and peak velocities align to a line, the slope of this line is denoted
by Q. This linear relationship is observed for the amplitudes of up to 20
degrees, the range where saccades fall in this experiment.

We obtained the values of the maximum velocities of saccades times their
duration and plotted them on the Y axis, whereas the X axis contained the
corresponding saccade amplitudes. These points aligned to lines whose slope
values, or Q values, and their standard errors were further calculated. The
’main sequence’ slopes were compared for the 26 participants and calculated
the average and the 95% confidence intervals for each group in every task
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(Fig. 10.1). In addition, what is also reported are these statistics for a
control task, free shots in basketball. They were viewed as a reference by the
basketball players only.

(a)

(b)

Fig. 10.1: The ”main sequence” plot for the athletes in Task 2 (a). Y axis,
the maximum velocity times duration of the saccades; X, the amplitude of
the saccades. The mean values of the ’main sequence’ slopes for the athletes
(empty squares) and non-athletes (full circles) by task are plotted in ??. The
bars denote 95% confidence intervals.
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In watching unfamiliar sport situations, the group of athletes can indeed
be distinguished from the non-athletes, based on the eye velocity criteria.
The same films were shown to the volunteers but with different instructions
(estimate, memorize, compare) in the first three tasks (T1 through T3). In
the first two tasks, the peak velocity over the average velocity ratio of the
two groups differed significantly. Within the confidence intervals, the non-
athletes did not respond significantly different in the first three tasks. On
the other hand, the eye kinematics of the athletes was significantly different
in these tasks. By task three, the Q values for the athletes have converged
to ’the baseline’ or the control situation of the basketball shots. Task 4 was
a karate tournament, again a novel situation. The Q value for the athletes
increased, whereas that of the non-athletes decreased.

Task 5, the Latin dance, elicited the peak response in the non-athletes
group, which was lower only than the Task 1 response in the athletes. On the
contrary, the response of the athletes within the confidence intervals matched
their ’baseline’.

10.2 Fixations to explore unfamiliar sport actions

The first two tasks witnessed to high differences in the way eyes were accel-
erated, moreover, significant differences in gaze fixations were also found in
these cases (Fig. ??). The distribution of fixations did not match the nor-
mality criteria (Miller, & Miller, 2004, pp. 210-219). This was supported by
Kolmogorov-Smirnov normality test, for the fixation durations of the athletes
it yielded D=0.099 in Task 1 and D=0.094, Task 2, in both cases p < 0.01.
For the non-athletes it was found that D=0.132 and 0.121 for Tasks 1 and 2
respectively, in both p << 0.01. Therefore a non-parametric test (Miller, &
Miller, 2004, pp. 529-523) was applied to compare the distribution of fixa-
tions. In the mastery estimation task (No. 1) the group of the athletes made
432 fixations (median 332 milliseconds), the non-athletes made 483 fixations
(median 265 ms). The fixations were significantly different (Mann-Whitney
U=122985, p < 0.01). In Task 2 (memorize the sequence of movements)
the athletes made 347 fixations (median value 374 ms) and the non-athletes
450 (median value 315 ms). The groups were also significantly different
(U=87915, p=0.02).

These findings, along with the upper two rows in Fig. 10.2, substantiate
the conclusion that the athletes made fewer fixations, but their fixations were
longer than those of the non-athletes.

For the Tasks 3 to 5 no significant difference was found among the dis-
tributions (Mann-Whitney test, p > 0.05). In Task 5 (Fig. 10.3), the total
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(a) (b)

Fig. 10.2: Distributions of the duration of fixations for the group of athletes
(a) and non-athletes (b) in the first three tasks. Statistically significant
differences were found in Tasks 1 and 2.

time of calculated fixations was 25% higher in the non-athletes than in ath-
letes groups, while in other tasks this difference was within 10% limits. This
finding suggests that the athletes used more smooth pursuit eye movements
than saccades and fixations in observing the Latin dance.

10.3 The sites that attract the gaze

Once it became known what eye movements the participants launch, it
is worth asking where the participants look. The differences between the
groups, if there are any, could be correlated to the observed differences in
the speed and timing of the gaze. This is not a necessary condition, though,
thus it is desirable to use objective algorithms or ’blind’ methods in deciding
where the participants looked to more frequently.

The filmed actions were seen mostly in a single plane in the prepared
sports video films, hence the performers were seen as equidistant from the
observer. As a sequel, two-dimensional clustering algorithms were applied to
the horizontal and vertical fixation coordinates, the outcome pointed to what
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(a) (b)

Fig. 10.3: Distributions of the duration of fixations for the group of athletes
(a) and non-athletes (b) in the first three tasks. In contrast to Task 1 (upper
curves), differences between the groups in Tasks 4 and 5 were not significant.

regions were attended the most. First the hierarchical clustering was applied
and it was found that the best balance between the new information and
computational costs is obtained when 12 regions are defined. This number
also makes sense from the physiological point of view. In the case of one
performer (Tasks 1 through 3), two regions can be defined for each hand and
leg, two for the trunk and two for the head. These points could potentially
outline the start and end points of right to left motion visible on the screen.
On the other hand, six regions could be detected for both performers in
Tasks 4 and 5. This number was fed into the K-means clustering algorithm
(MacQueen, 1967; Kanungo et al., 2002). The K-means clustering groups
the points into K clusters (in our case it is motivated to define K=12) so
that the geometrical distances from all the fixation points in a cluster to the
cluster centre are the smallest. It is noteworthy that the K-means clustering
does not yield the exact point that every person had been looking at, e.g.,
the right wrist, since the performer is in motion. The points obtained by
clustering algorithms mark the centres of the regions where fixations are
scattered around. These points can be compared to what was visible on the
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participant’s screen (Fig. 6.1).

(a) (b)

(c) (d)

(e)

Fig. 10.4: Centres of fixation clusters for the athletes (empty squares) and the
non-athletes (filled circles) mark the regions were the fixations were scattered
around. Results for Tasks 1 through 5 are presented in (a) to (e).
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In Task 1 (Fig. 10.4a), the main distinction that were recognised between
the groups was that they looked to either fast or slow moving body parts
in estimating the performer’s expertise. The non-athletes fixated more the
lower part of the body, the slow leg motion. The athletes in general spent
more time looking at horizontal and vertical arm movements. They also were
prone to examine the scene in general, picking up a possible clues of mastery,
such as the belt colours. The non-athletes commenced tracing actions with
few fixations to the action setting. When the participants were asked to
memorize the sequence of movements (Task 2, Fig. 10.4b), the athletes aimed
at fixating the endpoints of punches and blocks. The non-athletes relied more
on observing the launch sites of movements, hence the cluster centres group
on the person’s trunk. This finding is supported by the picture of cluster
centres in Task 3 (Fig. 10.4c, compare to the previous film - change detection).
Both groups screened through the entire body of the ’kata’ performer as he
moved. Although the most fixated regions do not differ considerably here,
the athletes tended to gaze more to the left, the direction of the performer’s
expected motion.

In the Task 4 (Fig. 10.4d), the tournament of two opponents, the gaze of
the viewers was scattered throughout the scene. In contrast, the rhythmical
dance movements of Task 5 (Fig. 10.4e) were followed in a structured manner
by the two viewer groups. The clusters group at the arms and shoulders, the
upper clusters corresponding to the underarm turns, and the feet of the two
dancers. Knees were rarely looked at, in the beginning some fixations were
made on the faces of the dancers.

10.4 Are the differences in eye movements apparent?

If there are indeed any qualitative differences between two groups, it would
be possible to classify an arbitrary gaze video as belonging to a participant of
one or the other group based on some features. We indeed found a qualitative
difference that hinted to the viewer’s sports experience. The athletes picked
up a ’favourite’, which was monitored through an action, and restricted the
number of the selected sites. By a ’favourite’ we denote a body part, like an
arm or a leg, which was the target of observation. When a movement was
launched, the athletes scanned this part repeatedly, e.g., they looked at the
joints of an arm from the shoulder to the wrist several times.

Interestingly, they attended the ’favourite’ even when it when the main
action was made by other body parts, yet they also shifted from one selec-
tion to another. This selection strategy was especially apparent in the first
two tasks. In the fourth and fifth task, the athletes preferred to follow one
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performer, while the non-athletes frequently switched their gaze between the
two. Since the ’favourites’ differed, the clusters of Fig. 10.4d and 10.4e are
evenly spread for the entire group of the athletes. The athletes also had a re-
stricted number of sites they fixated, for instance, they fixated the shoulder,
the elbow and the wrist of the karate performer. The non-athletes fixated
also the parts that were not instrumental for the action, e.g., the neck or
the upper-arm. We also observed in the eye movement videos that the ath-
letes rely on the slow pursuit movements rather than jump-like saccades in
watching the films.

The athletes and non-athletes witnessed to no considerable differences in
the ’when?’ part of the gaze strategies. In our experimental paradigm, we
could not detect any significant differences in the saccade latency. Albeit the
eye movements were mostly reactive even in repeated exposure tasks, the
non-athletes were capable of making as fast responses to new movements on
the screen as the athletes were.

10.5 The athletes’ eye movements are not always faster

We conclude that the visual system advantages exist in athletes when a real
situation is viewed. It was not obvious from the onset that eye kinematics of
the athletes and non-athletes would form two distinct groups in any task. It
could be equally well expected that the ’main sequence’ lines would form one
diffuse family. Since the two groups were age and gender matched, we are
inclined to assume that it is the adjustment of the visual system, rather than
genetic factors or cognitive strategies, primarily explain for the differences
between the groups. To answer the posed hypothesis, we indeed observed
relatively higher eye movement velocities when the basketball players first
observed the karate scenes. At further exposures, the ”main sequence” rela-
tionship converged to that of watching basketball shorts and the confidence
intervals of the two groups overlapped.

The velocities of eye movements thus do not distinguish athletes and non-
athletes. The eye velocities of the non-athletes were relatively higher than
those of the athletes in Task 5. Possibly dance scenes are easier to perceive
for the female group in consideration, for they may have been more accus-
tomed to this sort of action through the everyday experience (television or
other). Moreover, the Q values of the non-athletes in Task 5 exceeded the
performance of the athletes in other 3 tasks (2nd to 4th). Even though the
highest group average was calculated for the athletes in Task 1, it appears
that the athletes rarely use ”the full power” of their visual system. In addi-
tion, the largest differences in the eye velocities within both groups (i.e., the
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largest confidence intervals) were found in the same task (Fig. 10.1). It prob-
ably deserves further research if these eye velocity differences in the response
to a novel situation may be a reflection of the sports mastery or potential.
Could the level of an athlete be predicted based on this criterion?

Our findings are in part contrary to the findings of Babu and colleagues
(2005) who found no significant differences in the kinematics of saccades be-
tween the athletes and non-athletes. There is no reason to assume that the
type of sports of the athletes, the racquet sports or basketball, was the deci-
sive factor. Possibly here we face a problem that is encountered in other types
of eye movement research, namely, the human visual system tends to behave
more efficiently on the natural rather than laboratory stimuli (Thorpe et al.,
1996, Peters et al., 2003). The performance advantages of the athletes may
not be fully revealed in computer-generated abstract forms but appear when-
ever real situations are viewed. We also refer back to the ”direct matching
hypothesis”, the support to which was provided by Flanagan and Johansson
(2003). According to it, the participants of our research mapped the ob-
served movements of human actors to their motor cortex. The generated eye
movements corresponded to their efforts to predict or reproduce the observed
actions. The participants with a better trained kinaesthetic memory did it
with significantly different saccades and fixations.

The above reasoning leaves unanswered the question of why does the
kinematics of the athletes’ eye movements in novel sports situations converge
to the performance in their familiar basketball shots (Fig. 2). We hypothesize
that athletes are also better accustomed to distinguish the situations that risk
a failure and those that do not. An athlete is trained to use brief moments
of the game to relax and restore performance. A non-familiar sports display,
and non-customary task of watching videos at a scientific laboratory, could
initially mobilize the athletes for tougher performance. Likewise, a decisive
sports situation would cause much arousal. On the other hand, recorded
basketball video, and dance that may not be perceived as ’a real sport’ by
the invited athletes, has been classified as ’non-threatening’ by the athletes.

10.6 Athletes use fewer but longer fixations

Comparing Tasks 1 and 2, the athletes use a smaller number of fixations
that are longer than those of the non-athletes. Remarkably, at repeated
exposure both groups watched the same video with relatively longer fixations.
Thus the extent but not the nature of changes differed in both groups. In
other words, the quantity and not the quality are of importance when an
unfamiliar sport scene is tackled. No differences in fixations were found
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in the other 3 tasks, even though the last two differed significantly in eye
kinematics. Furthermore, the unexpected shift in Task 5, where the non-
athletes witnessed to relatively higher eye velocities times their duration, was
not accompanied by any significant changes in the duration of fixations. This
is not surprising since saccades and fixations are programmed independently
and saccades alone can be used as a research tool (Leigh, & Kennard, 2004).

A limitation of eye movement research in sports is that the fixations mark
only the foveal vision. As shown by Hassan and co-workers (2007), the field
of view of up to 32 degrees is necessary for an efficient navigation if the
contrast is sufficiently low. Before getting to fixate the target milliseconds
before a shot, the player must traverse the playgrounds in a dynamic setting
of team-mates and opponent players (Martell, & Vickers, 2004; Oudejans et
al, 1997). The success of navigation determines if the ’quiet eye’ (Vickers,
1996) will be used at all, hence the rating of a player is determined by the
entire course of action. Are there as yet incompletely described skills that
must accompany the ’quiet eye’ of a successful player? It may be further
researched what preliminary information of the para-foveal vision is processed
before the player gets to the ’ready position’.

10.7 Clusters of fixations

The athletes mobilize for ”risky” novel situations, but their performance is
not distinguishable from that of the non-athletes if the target is known or not
challenging enough. This probably needs to be borne in mind if the athletes
and non-athletes are compared in laboratory settings. The case when an
unfamiliar sports situation was seen for the first time (Task 1) yielded con-
siderable differences in ”how fast” and ”how long” do the participants explore
it. Additionally, there were differences in ”where” do the participants mostly
look to. The clustering algorithms revealed the trend that the athletes traced
the fast arm movements to assess the mastery of the performer, whereas the
non-athletes focused more on the slow leg movements (Fig. 10.4a). These
differences decreased when the video was watched repeatedly with the in-
struction to memorize the sequence of movements (Fig. 10.4b). The signifi-
cant differences in the ”main sequence” relationship of eye velocities and the
duration of fixations, the locations of fixations clustered around the upper
body of the actor. The athletes tended to direct their fixations more to the
endpoints of the movements, hence the cluster centres are further apart. The
third demonstration of the same video (to be compared to the previous) was
accompanied by no considerable differences in either ”how fast”, ”how long”
or where did the participants look (Fig. 10.4c), which accentuates the role of



10. Athletes use two eye movement strategies 52

the initial exposure to a situation.
The karate scene with two opponents witness that the athletes are better

at finding task-relevant clues. This video has again stirred relatively faster
responses in the athletes’ eye movements. Both groups focused on the upper
body of the two participants (Fig. 10.4d). Yet the athletes attended other
clues in the environment to predict the winner. Therefore two cluster centres
were found at the left side of the scene (in the middle and at the lower part).
These centres correspond to gaze at the score on the board and the referee’s
flag that appeared twice at the lower left.

As mentioned before, the athletes seem to implement different strategies,
one with high arousal and the other similar to the non-athletes’, depending
on the ”risk” of the situation at hand. Novel and competitive situations lead
to considerable differences in the attended areas by both groups, whereas a
cooperative scene of a fast Latin dance does not. Fixations are aligned along
three lines at the dance observation (Fig. 10.4e) and correspond to the feet,
the arms and shoulders and lifted arms in underarm turns. The location of
the cluster centres is very close for both groups in this case, similarly like in
accustomed Task 3 with one performer.

10.8 What is selected in the scenes?

The finding that the athletes chose a ’favourite’ part or performer to trace
could be explained by target-focusing in sports. In the ball sports, the players
divide the attention among the target (e.g., the basket), the opponents and
team-mates, essentially suppressing the rest of the visual information (like
advertisement banners or spectators). In the case of undefined criteria for the
task, the method we used, they defined a target for themselves and focused on
it. Recalling previous findings (e.g., Babu et al., 2005), the athletes and non-
athletes must not necessary differ in their eye movement timings. Therefore
it is not surprising that our qualitative analysis found no apparent differences
in how fast were the participants to react to an action.

As compared to the martial arts, even a fast-paced Latin dance leaves
more possibilities for slow pursuit movements instead of saccades. The ’main
sequence’ analysis involves only the saccades, the fast eye movements when
the vision is temporary suppressed. Indeed, it is virtually impossible to
track a punch, while one may follow through a spin in a dance. If the group
of athletes use faster saccades, they may also perform better in tracking the
dance. The qualitative analysis of the recoded gaze video supports our claim.

What sets training in professional and recreational sports apart? One
element that is likely to be trained is focusing on a target. This target, or
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”favourite”, may be arbitrarily defined and followed dynamically and rapidly
changed. Thus targeting and following a karate performer’s arm and then
switching to the leg is similar to following a ball that travels from one player
to another. Possibly, the years in sports exercise on a professional level (hours
of training per week) is an indicator that permits one to compare different
researches (Babu et al., 2005; Oudejans et al., 2002). By definition, the
’elite’ athletes available to a research are but a few. Therefore the criteria
for selecting ’elite’ athletes are somewhat arbitrary, those ranked as ’elite’
in one research would score as ’near-elite’ or otherwise in another (Martell,
& Vickers, 2004; Panchuk, & Vickers, 2006). Classifying the players as pro-
fessionals and good or week amateurs is rewarding for some sports research
(Land, & McLeod, 2000), but should be used with caution, or conflicts with
the official designations will appear. An ’amateur contest’ dancer probably
spends more hours in training than a skier who is called ’an amateur’.

What is behind a talent in sports? Babu et al. (2005) revisit the ”nature”
versus ”nurture” problem in sport. Does an athlete possess some superior
motor skills because she trains intensively, or was she selected for the team
training because she had early demonstrated some outstanding potential? We
have found that straightforward differences exist in the visual system, but
these are modified by higher cognitive processes if the tasks are compared.

10.9 Summary

We have found that exposure to unfamiliar sports situations reveal eye ve-
locity advantages that exist in the athletes. The athletes are also better at
alternating between higher performance and more relaxed modalities, and at
selecting and following instrumental body parts of a performer. They ini-
tially use longer but fewer fixations than the non-athletes, both groups tend
to use longer fixations at repeated exposures.



11. EYE VELOCITY IS CORRELATED TO NATURAL
OBJECT RECOGNITION TIME

11.1 Saccading to short series of images

Ten volunteers observed a series of 30 images appearing to the right from the
central fixation point. The saccades calculated under ILAB software (Gitel-
man, 2002) were further classified into correct responses (either a saccade to
an animal image or an anti-saccade otherwise) and erroneous responses. The
sets where a participant failed to make an eye movement response in 1000 ms
or made an eye movement sooner than 100 ms after the image appearance
were excluded from consideration. With these cases excluded, we obtained
the mean saccade response time 455±164.8 ms for the correct responses, and
362± 228.9 ms for the movements to a wrong direction. Since the distribu-
tions of the response times in both groups were normal (Kolmogorov-Smirnov
D(284) = 0.063 > 0.207) but their variances were significantly different (Lev-
ene’s test, F = 13.019, p < 0.001) it was found that the correct and erroneous
response times are different significantly by the Independent samples t-test
assuming unequal variances, t(57, 317) = 2.311, p = 0.024. The erroneous re-
sponses were sooner on average, at the same time, higher standard deviation
was found in this group (Fig. 11.1). The erroneous responses are posi-
tively skewed, i.e., the values above the median are more dispersed than the
values below it. This finding motivated us to make an experiment where sac-
cades and anti-saccades could be distinguished in the correct and erroneous
response groups.

11.2 Saccade response times

Another eye movement calculation program, BeGaze, was used and the data
analysis was modified so that it was possible to classify the responses into cor-
rect saccades, correct anti-saccades, erroneous saccades and erroneous anti-
saccades. The average response times for pro-saccades and anti-saccades are
summarized in Table 11.1. Participant AK responded to the series in overlap
paradigm, whereas participant LV did it for the gap paradigm. A series of 90
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Fig. 11.1: Box-plot of correct and erroneous saccade response times. Horizon-
tal lines are the median values, 50% of values are contained in the box-part,
25% of values are marked by every whisker. Outliers are shown as circles.

randomly selected images was shown to the two participants. A correct pro-
saccade is a movement of the eyes toward an image of an animal, a correct
anti-saccade is a correct move away from an image of a distracter. Before
averaging of the data 5% of the outliers were removed.

Tab. 11.1: Saccade response times (milliseconds) in the overlap paradigm
and the gap paradigm. CS, correct saccades; CA, correct anti-saccades; ES,
erroneous saccades; EA, erroneous anti-saccades

Gap
(ms) CS CA ES EA

Average (SD) 460(73) 460(88) 370(114) 450(81)
Minimum 117 285 121 357
Maximum 550 722 525 609

Overlap
(ms) CS CA ES EA

Average (SD) 440(30) 420(42) 420(15) 390(34)
Minimum 395 365 407 331
Maximum 584 521 848 458
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11.3 Case studies of gaze stability

The maximum velocity of eye movements were correlated to its amplitude,
Spearman’s ρ = 0.549 for the overlap paradigm and ρ = 0.751 for the gap
paradigm, p < 0.01 in both cases. The larger is the eye movement, the
larger will its maximum velocity be. This finding is predicted by the ”main
sequence” relationship (Leigh, & Kennard, 2004) and lends support to the
data validity. The other correlation, which was surmised at the beginning, is
that the maximum velocity is correlated to the response time. Contrary to
the predictions, this correlation is negative, i.e., the longer it takes to process
an image and respond, the slower the response will be. Thus Spearman’s
ρ = −0.652 (p < 0.01) for the overlap paradigm and ρ = −0.733 for the gap
paradigm (p < 0.05).

Saccade dynamics were searched for any potential correlations to the sac-
cade response times. Statistically significant correlations were found among
the saccade response time and its peak speed (ρ = 0.613), average speed
(0.723) and duration (0.849) for the overlap paradigm, and the responose
times and peak speed (ρ = 0.788) and duration (0.511) for the gap paradigm.
Correlation at a 0.05 level of significance among the response time and the
speed parameters (at least 0.433) was recorded for all erroneous saccades in
the overlap paradigm. No such significant correlation could be found for the
gap paradigm data. Saccade response times and the dispersion of the preced-
ing fixation (in pixels) yielded a significant correlation of ρ = 0.304 for the
overlap paradigm, which encouraged us to undertake a more detailed analysis
of the gaze behaviour during a fixation before a categorization response.

No trend was observed concerning changes in response times for the first
30 images and the following (0.05 level of significance, the determinacy coef-
ficients R2 for saccade and anti-saccade responses over time were essentially
zero).

No consistency was found in correlating the horizontal and the vertical
gaze position at 0.05 level of significance, as could be expected from the
task. Even though the shift of gaze from the central fixation point to any
of the sides would demand a purely horizontal movement of the eye, as a
rule some vertical displacement is also involved and a correlation exists for
approximately 10% of saccades. As an exception, for the participant LV (gap
paradigm) 160 milliseconds before launching the saccades the small horizon-
tal and vertical gaze shifts around the centre were correlated in 18% but
this percentage vanished to zero in the 160 millisecond period of saccading.
Notably the onset of anti-saccades here precedes the onset of pro-saccades
(Fig. 11.2b).

Another case that was brought into focus is the participant AK. We ob-
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(a) Overlap (b) Gap

Fig. 11.2: Averaged horizontal gaze direction (pixels on screen) in the gap
(a) and overlap (b) paradigm. Red solid lines, saccades; blue dashed lines,
anti-saccades

served the horizontal gaze position component changed its nature approxi-
mately 160 milliseconds after an image was presented (and thus was still on
the screen). Alongside with small gaze displacements towards the demon-
strated image (positive values in the Fig. 11.3), which are candidates for
the visual grasp reflex, after this period fixation becomes more stable. The
derivative of the horizontal gaze component remains more confined to zero.
The large positive and negative value of the derivative 400 milliseconds from
start reflects the pro-saccades (positive values) and anti-saccades. This ob-
servation was found only in the case of the overlap demonstrations, gap
paradigm presents overall more fluctuations as no central fixation point is
visible before the saccades.

The response times of the voluntary (memory guided) saccades was not
found to differ significantly, apart from one case, and a bias of classifying an
uncertain case as a target image has been noted. Since the four groups of
saccade response times were uneven in size after the classification algorithms
were implemented, Shapiro-Wilk normality test (small samples) was used.
The normality tests witness that a sample conforms with the normality if
the probability of obtaining the test statistic (W-statistic for Shapiro-Wilk,
D-statistic for Kolmogorov-Smirnov) is larger than 0.05. The calculated
W (88) = 0.958, p = 0.006, for the overlap paradigm and W (91) = 0.777,
p < 0.001, for the gap paradigm. In both cases normality tests suggest
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(a) Overlap (b) Gap

Fig. 11.3: Average values of the derivative of the horizontal eye position
in the gap (a) and overlap (b) paradigm. Red dots, saccades; blue dots,
anti-saccades

non-Gaussian distribution of saccade response times warrant the use of non-
parametric tests. Of them, Kruskal-Wallis ANOVA was applied to compare
all four groups of saccade response times and for the participant AK found no
difference between the saccades towards and away from the displayed image
(t2(3)= 5.728, p = 0.126 > 0.05). For the participant LV, however, we found
significant differences (t2(3)= 17.488, p < 0.001) due to erroneous saccades.
Half of the erroneous saccades were launched considerably more than 400
ms after the image display by this individual (Fig. 11.3). Since the actual
image presence on the screen was 330 ms on average, one may conclude that
the entire display time has been used for recognition of images harder to
interpret, whereas the time of around 100 ms after image disappearance and
the saccade launch has been used for saccade preparation. Interestingly, the
image was more likely to be classified as the target in doubtful cases. This
class of erroneous saccades was not the visual grasp reflex, since the rela-
tively long response time puts them into memory-guided group of saccades.
To conclude, if the alternatives in our forced choice task (2AFC) were not
of choosing one of two images but choosing one of two responses to a single
image, relatively uniform response times of over than 420 ms were found
(median times in four saccade groups 422 ± 22; 447 ± 14; 453 ± 12; 429 ±
6 ms respectively).
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11.4 Limits of ultra-rapid responses

The finding of response times above 400 ms conforms to the results in the
button-press or release experiments. It invites further research into the con-
ditions when an eye movement responses as fast as 120 ms are dominant.
Possibly, the alternative visual information processing route suggested by
Kirchner and Thorpe (2006) may be used under specific ”fight or flight”
circumstances and is not descriptive of the human visual system in general.

A statistically significant link was found between the saccade response
time and its speed. Seemingly the visual system should compensate for longer
processing with a faster response. In our experiment this effect was reverse,
the more effort the processing takes, the slower or less decisive the response
will be. In this way, both parameters reflect the uncertainty of the responder.
It was also calculated that the longer it takes to respond to an image, the
more dispersed is the fixation preceding the response. This dispersion is
typical for the first 160 milliseconds after the image presentation, but a more
detailed exploration of the phenomenon invites a better eye-tracker’s spatial
resolution of down to 0.01 degrees (Laubrock, et al., 2005). The findings
that saccade amplitudes are significantly correlated to the duration, peak
speed and average speed (which is the amplitude divided by the duration)
is a reflection of the main sequence relations (Leigh, & Kennard 2004). It
is noted that there is some variability in the dynamics of saccades, which is
linked to the participant’s alertness and experimental conditions (Leigh, &
Kennard 2004; Munoz, & Everling 2004).

What we did not anticipate is the fact that when outliers were removed
and hardware delays taken into account, pro-saccades and anti-saccades as a
rule were not launched during the image exposition. Rather it takes about
100 milliseconds after the image has been erased from the screen to launch a
saccade, which is close to the express saccade response time (Leigh, & Ken-
nard 2004; Kirchner, & Thorpe 2006). Provided that the verbal instructions
introduce a trade-off between response times and accuracy in a saccade task
(Mosimann et al., 2004), we chose a longer image presentation time, 330 mil-
liseconds as compared to 20 milliseconds used in other protocols (Rousselet
et al., 2004; vanRullen, & Thorpe 2001). Then we motivated the volunteers
to ”try to move the eyes while the image is still on screen, even if you are
not sure of it.” In our experiments saccade start has been measured from the
moment (within 1 millisecond) the image appeared on the computer screen.
If the measurement had started from the moment the image disappeared,
one could test the possibility if this event may serve as a trigger for eye
movements in a categorisation task. In addition, the image in our case was
not flashed and remained on the screen for a comparably long time. This
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places higher demands on the dorsolateral prefrontal cortex to inhibit reflex-
ive pro-saccades (Mri et al., 1998). Alternative forced choice methods may
reduce this load and shift the task more to the frontal eye fields, which could
account for the longer response times than reported elsewhere (Kirchner, &
Thorpe, 2006).

The case of AK (Fig. 11.2a) echoes the research on cueing effects on
microsaccade inhibition of Laubrock and colleagues (Laubrock et al., 2005).
The stimulus recognition may serve as an endogenous cue that changes the
rate of fixational eye movements. These changes occur at times close to the
differential category-specific activity in the visual cortex, as recorded by elec-
trophysiological methods (Lw et al., 2003; vanRullen, & Thorpe, 2001). This
internally guided response may be governed by the supplementary eye fields
(Mri, 1998). For the person LV, on the contrary, no change in the fixation
patterns could be found by the current experimental setup. This partici-
pant tended to make anti-saccades sooner than the pro-saccades. Probably
at a higher resolution of eye-tracking similar modulations in fixations would
become vivid for other participants as well.

11.5 Devising natural tasks for natural image recognition

Colour images were the option of choice in the experiments as they con-
tain enhanced texture cues for recognition and further classification. Even
though we agree to the arguments that natural images are a means to ex-
plore the limits of the human visual system, we are cautious to call the task
itself ”natural.” One may assume that the increase of the number of the
images presented, besides increasing the power of the statistical tests, in-
troduces learning effects that deserve further exploration. If the number of
photographs presented is comparable to the number of stimuli in other sac-
cade tasks, the response times in the image categorisation task are no better
than those measured in the button press or release experiments (van Rullen et
al., 2002). If a tenfold increase in the number of images presented may yield
significantly decreased response times, new experiments could be devised to
enhance the inherent capabilities of the visual system, which are latent in ev-
eryday tasks. This plasticity probably is best revealed if the task is confined
to the oculo-motor system itself, with alternative neural processing routes
having a say (Kirchner, & Thorpe, 2006). Alternatively, the forced choice
paradigm and shorter demonstration times may expose the participants to
faster routes to respond.

It has been stressed repeatedly that the photographs of natural objects
reveal the capabilities of the visual system that do not become evident with
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abstract or simplified stimuli (Bovet, & Vauclair, 2000; vanRullen, & Thorpe,
2001; van der Linde et al., 2005). With the images presented on one side
only, we deliberately introduced a task that required an inhibition of the pri-
mary response and voluntary production of saccades of two kinds. According
to the current opinion (Leigh, & Kennard, 2004; Mri et al., 1998), this re-
distributes the roles of the dorsolateral prefrontal cortex and the frontal eye
fields as compared to a task with target selection and pro-saccades (Kirch-
ner, & Thorpe, 2006). Since what we termed pro-saccades and anti-saccades
both involve visual grasp inhibition and a voluntary response, absence of
statistical difference in the response times of the correct saccades was to be
expected. For this relatively demanding cognitive task the overlap and the
gap paradigms, apart from the fixation stability, produced similar results.

Since the central fixation point is not located in front of the tracked eye,
the initial position of the gaze is not the primary position. Presumably,
the amplitudes for the overlap paradigm could be expected to differ as the
fixation point for the anti-saccade is visible all the time, while the attractor
for the saccade could be the remembered fixation point position, a salient
image feature or the left edge of the image. For the gap paradigm, no fixation
points are visible while an image is presented and response is planned. In our
case the opposite is true. We screened the MPEG files that were recorded
during eye-tracking. We found that in the overlap paradigm, the participants
were generally more conscious to reach and fixate the anti-saccade fixation
point. When the individuals repeated the task with the gap paradigm, they
tended to make hypometric saccades towards the left fixation point and to
return to the center before the central fixation point re-appears. Possibly,
if we had instructed the volunteers for choosing response precision over its
speed, this effect would be eliminated in the gap paradigm.

11.6 Summary

To summarise, several differences in the experimental protocol may account
for the fact that saccade response times are not much shorter than the manual
response times published before (Kirchner, & Thorpe, 2006). First, we used
by angular extent smaller and more peripheral images than other research,
yet they were not seen longer (Bovet, & Vauclair 2004; Kirchner, & Thorpe
2006). Second, we observed the performance for one 90 image set instead of
10 sets by 80 images (for different conditions), although same images were
presented after a week. Third, we tested both the overlap and gap paradigms
and found no difference in response times. Next, and possibly the most in-
fluential difference is that we tested single side presentation instead of the
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alternative forced choice. Saccade response times are close to those of manual
responses when single images are presented centrally (Thorpe et al., 1996).
This leaves us with the question of the possible mechanisms that can selec-
tively activate the hypothesized faster image processing and response, like V4
to the superior colliculus (Kirchner, & Thorpe, 2006)? They then bypass the
typical processing routes for some but not other experimental conditions. It
is worth noting that the saccade velocities are negatively correlated to their
response times in our image classification task.



12. FACTORS THAT IMPACT MOVEMENTS OF THE
EYES IN READING

12.1 Eye movements in reading Latvian

The duration of fixations for 10 average readers and 10 skilled readers are
summarized in Fig. 12.1. It has been shown that five students are as fluent in
reading as six book editors have been joined to the skilled reader group. The
duration of fixations in reading Latvian correspond to the results reported for
English and German (Rayner, 1998). The texts were selected from magazines
and are shorter that the following research of history textbook. The durations
of fixations for the skilled readers generally are shorter than that of the
student group. The longest fixations are for the text in Russian that is a
fragment from a novel.

12.2 Task-specific considerations

Eye movements in three situations have been compared: for silent reading
with a participant’s head fixed (Task 1) and head free (Task 2), as well
as for oral reading (Task 3) when the reader is wearing the eye-tracking
helmet. Comparison of the first two measurements describes primarily the
influence of different measurement conditions on reading data. Comparing
the third condition to the first two may delineate the correspondence between
the movements of the eyes in oral and silent reading. This comparison also
reveals the limitations introduced by lower data sampling frequency. The
helmet-mounted system records eye position every 20 milliseconds, which
means that only two or three points are sampled during shorter saccades,
while saccades to refixations are entirely omitted. Altogether it complicates
saccade detection that is velocity-based. This also means a larger uncertainty
for the starts and ends of fixations. Since calculations of fixations are done
by using their spatial dispersion, lower temporal precision of the HED eye-
tracker plays a lesser role here. Some distortions in detection of closely spaced
fixations still occur for the 50 Hz data sampling in Tasks 2 and 3.

The reading speed is lower for an academic textbook, while fixations are
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(a)

(b)

Fig. 12.1: Average duration of fixations in reading five Latvian texts (dia-
monds), a text in Russian (circle) and a text in English (square). The general
group of students (a) and skilled readers (b) witness to the duration of fix-
ations Russian, the second language, elicits longer fixations on average than
the third language, English.
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longer than 250 ms usually reported for adapted texts (Rayner, 1998). Read-
ing speed is measured independently of the eye-tracking and testified that
the demands of the two reading conditions are similar.Whe words ’reading
speed’ and ’reading rate’ are used interchangeably here. Reading speeds for
the participants before reading training were 158±67 (Task 1), 136±42 (Task
2) and 99± 22 (Task 3) WPM, ranging from 94 to 314 in silent reading and
from 92 to 133 in the oral part. The slowest reader was a student who was
not a native Latvian speaker. The words read per minute were significantly
different, F (24, 2) = 3.600, p = 0.040, One-Way ANOVA. Post hoc analysis
(Bonferroni) revealed that the differences could be found between the silent
reading, head-fixed, and the oral reading speeds. At the same time, both
measurements of the silent reading speed were not significantly different but
were correlated (r = 0.730, p < 0.050), head-free oral reading speed was also
strongly correlated to silent reading speed while head was free (r = 0.880,
p < 0.010) and stabilised (p = 0.850, p < 0.010). Taken together, these
findings suggest that the experimental conditions do not introduce selective
distractions to participants. In addition, individuals who perform better in
silent reading also do so in oral reading.

In accordance with previous findings (Proudlock, Shekhar, & Gottlob,
2003), it was observed that the readers, when have the option, move their
heads from top lines of text to the bottom. As calculated from the text
size and eye positions, eye movements contributed from 28 to 51 percent for
the vertical gaze shift, the rest was done by head movements. To a lesser
extent, horizontal head movements while reading a line were also observed,
their contribution did not exceed 5 percent. It also means that without head
tracking one could calculate the total number of fixations and their duration,
yet classifying those into progressive fixations, refixations and regressive fix-
ations cannot be done reliably. Therefore fixations per 100 words were cal-
culated. This measure then can be used to compare reading of onscreen and
printed texts that are of different lengths.

No evidence was supplied by tests that the duration of fixations differs
in the three tasks. According to the Hi-Speed data in reading from the
screen, the mean duration of fixations for six participants was 237 ms (stan-
dard error 9.3 ms). The mean in silent reading from a book was 268 (21.7)
ms and 237 (14.1) ms in oral reading, as calculated from the HED mea-
surements. The means do not differ significantly (ANOVA, F(2, 15)=1.267,
p = 0.310 > 0.050). The current opinion in the reading research favours
reporting ANOVA results for the mean fixation duration (Rayner, 1998), al-
beit in the case just mentioned the variances were not homogeneous, Levene’s
L(2,15)=2.144, p = 0.152 > 0.050. The number of fixations per 100 words in
the oral reading part differs from the other two according to Bonferroni post



12. Factors that impact movements of the eyes in reading 66

hoc test. Their number was 119 (17.2) in Task 1, 121 (12.4) in Task 2 and
170 (8.4) in Task 3. This difference was significant (ANOVA, F(2,15)=4.647,
p=0.027).

12.3 Tracing changes in reading

After practising more efficient reading, an improvement in the silent reading
speed was observed (Fig. 12.2). The six participants returned for repeated
reading tasks after a month of training. They read other pages from the
same textbook and re-told the contents. As noted before, the reading speed
is the variable calculated independently from the eye movement data and was
therefore the first to be explored. From the data of the six volunteers that
participated in the first session, we selected the data for the six volunteers
that trained their reading skills. Therefore group averages differ insignifi-
cantly from the ones reported in the previous section. The volunteers im-
proved their performance from 172±75 to 243±73 words per minute as found
in the Task 1 (onscreen text), as well as from 136± 44 to 217± 75 WPM for
the Task 2 (printed text). The increase in the reading speed was significant
for both silent reading tasks, Paired-Samples T-Test yielding t(5) = −5.242,
p = 0.003 for Task 1 and t(5) = −3.588, p = 0.016 for Task 2. For the group
of six readers silent reading practise has left no significant impact on the
oral reading, the change from 100± 17 to 110± 17 WPM being insignificant,
t(5) = −1.601, p = 0.170, and is possibly explained by minor differences in
the contents of the pages.

After a month of reading a text similar to the ones used in tests, the
adult readers changed their pattern of fixation duration and number, but
this change was not observed equally in all tasks. Thus the mean duration
reported in Hi-Speed results decreased from 236 to 202 ms, which was sig-
nificant (Paired-Samples T-test, t(5)=8.387, p¡0.001). Essentially no change
was observed in the silent reading from a book (237 to 244 ms, t(5)=-0.476,
p=0.654). In oral reading, the change from 237 ms to 222 ms also was not
significant (t(5)=1.415, p=0.216).

The number of fixations has decreased after reading practice according
to the Hi-Speed measurements. The change of the mean from 119 to 82 fixa-
tions per 100 words was significant (t(5)=4.682, p=0.005). The change from
121 to 99 fixations in the silent reading did not reach statistical significance
(t(5)=1.700, p=0.150), neither did their number in oral reading (t(5)=-0.211,
p=0.841).

Notably, only the Hi-Speed measurements before and after reading prac-
tice were significantly correlated, r=0.901, p=0.014 for the duration and
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Fig. 12.2: Changes in reading speeds (words per minute).

r=0.887, p=0.018 for the number of fixations respectively.

12.4 Saccade detection

In silent reading, both head-fixed and head-free recordings lead to similar
conclusions concerning saccade size distribution and changes in it despite
the differences in precision. If the saccade amplitudes (sizes) are binned by
two characters, their non-Gaussian distribution becomes apparent (Fig. 12.3).
The first maximum consists mainly of progressive saccades, further follow re-
gressive saccades and sweeps to a new line (Tasks 2 and 3). Notwithstanding
the differences in the angular subtense of letters and in the data sampling,
the first maxima of every task were located at the same place in terms of
characters (six to eight characters), evidently a property of the reading pro-
cess. The differences in the shapes of distributions after the main maximum
emerge due to head recruitment in Tasks 2 and 3. It is important to note that
the changes in reading are depicted in the same way, namely, the percent-
age of saccades up to 10 characters long decrease, while the longer saccades
increase in number. Importantly, no vivid shifts in maxima is observable in
the Fig. 12.3, their relative role redistributes though. Pronouncing a word
aloud (Task 3) would require narrowly spaced fixations. Therefore it leaves
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the question of the large percentage of saccades longer than 10 characters in
Task 3, which possibly addresses the issue of the detection algorithm that
pools short saccades together. The results were obtained after saccade am-
plitudes had been filtered for artefacts, only those calculated saccades were
left that did not exceed column widths (65 chars).

(a) (b)

Fig. 12.3: Percentage of saccades by their sizes (in characters) before reading
training (a) and after the training (b).

The duration and amplitudes of saccades are linked by the main se-
quence relationship that can be modified by the task (Leigh, & Kennard,
2004). Therefore similarities in the two silent reading tasks were anticipated
(Fig. 12.4, before training). Yet the limitations imposed by the equipment
could in principle produce differences in the short saccade detection, and the
option to coordinate both eyes and head may set a temporary movement
pattern in reading. Unexpectedly, saccade detection at 50 Hz yielded strong
correlations for the saccade main sequence analysis. At the level of signifi-
cance < 0.01 we found that the saccade size and its maximum speed times
duration are strongly correlated, R = 0.922 for Task 1 and 0.853 for Task 2.
The fourfold difference in the number of points in Fig. 12.4a and ref3fig4b
is partly because of shorter text read and saccades missed by the detection
algorithm for Task 2.
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(a)

(b)

Fig. 12.4: The main sequence plot for Task 1 (a) and Task 2 (b). X axis,
saccade size in degrees, Y axis, the maximum speed of saccade times its
duration.

A change in saccade amplitudes after reading training was reported in all
three tasks. Saccade amplitudes while reading, apart from one case, did not
comply with the normality criterion (Shapiro-Wilk, W < 0.950, p < 0.010).
Hence no parametric tests could be applied to disclose significant changes
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in them. For the six readers, the saccade amplitudes while reading from
the monitor (Task 1) before training (n=1898) and after them (n=2025)
were significantly different by approximately one character (Mann-Whitney,
U = 1710376, p < 0.001). Likewise the helmet-mounted device recordings
testified to this difference (Task 2: n=581 before and n=680 the after train-
ing, U = 123254, p = 0.050; Task 3: n=581 and n=680, U = 179547,
p = 0.005). However, the significant change in the oral reading was a de-
crease rather than an increase. The smaller numbers of saccades in the latter
two tasks are due to, firstly, shorter passages read and, secondly, some num-
ber of saccades obviously missed by the HED. The change in the saccade
size was accompanied by a statistically insignificant change in the number
of fixations, as reported above. A change by one character does not ensure
significantly fewer fixations, this outcome is partly due to large interpersonal
differences.

12.5 Changes in eye movements are traced by Hi-Speed

The lack of significant correlation in the HED data testifies to the result
variability due to measurement technique. This warns against HED mea-
surement of reading in the cases where tracking slight changes is relevant.
However, this does not preclude HED measurements of eye movements in
book reading, since the calculated mean duration of fixations in the three
tasks was not different, the pattern of fixations is known to be relatively sta-
ble in different tasks throughout the life (Rayner, 1998). The larger number
of fixations in oral reading also renders a reason. If head movements are not
restricted, further research would possibly benefit from optimizing the fixa-
tion detection window to compensate for the gaze shifts due to head rather
than eye-in-head movements.

Contrary to results published elsewhere (Rayner, 1998), we found that
not only the number of fixations may decrease after reading practice, but so
does also the mean duration of fixations.

The rate that the eye position data have been sampled at and processing
algorithms differ among researches (Svik, Oddvar, & Samuelstuen, 2000; Seo,
& Lee, 2002; Proudlock, Shekhar, & Gottlob, 2003; Vitu et al., 2006; Rayner,
1998) and in principle may lead to diverging results where in fact no difference
exists.

As anticipated, the texts were read at approximately the same rate from a
printed page and a scanned page on a screen. In addition to that, the reading
rates were correlated by participants, none had a vivid preference to printed
or onscreen texts. At the relatively robust level of words per minute, two



12. Factors that impact movements of the eyes in reading 71

experimental conditions have had no detectable discrepancy. This is in spite
of the fact that the letter sizes and resolution were not the same, which can
be justified as the optimal letter size has an interval that has been reported
(Krischer, & Zangemeister, 2007). The option of choice was the convenience
to volunteers, that is to say, reducing angular size of letters on the LCD
screen would lead to text graininess, and increasing the distance to it would
also deteriorate legibility. In the process of inviting participants, we aimed at
having a possibly large spread in reading speeds (90 to 300 WPM), partly due
to their varied experience and former interest in history texts. This would
presumably present a wider range of fixation durations and saccade sizes for
individual comparisons.

From the developmental point of view, suffices it to note that oral read-
ing is strongly correlated to silent reading. This observation has been made
before (Sovik et al., 2001) and may also be a reflection of subvocalizing
habits. Indeed, the less skilled of the readers had in essence the same read-
ing rate in the silent (93 WPM) and oral (91) part. Since it takes longer
to pronounce words, a larger number of fixations in oral reading task was
expected. Similarities in the number of fixations per 100 words in the silent
reading tasks are characterised both by their number and strong correlation.
In general, this affirms that both eye-trackers are similarly efficient in detect-
ing fixations in reading. The silent reading tasks themselves also do not pose
different demands on the cognition, despite their difference in the person’s
mobility and text presentation (print or screen). Since the head position was
not monitored, the fixations could not be further classified as progressive or
regressive in the head-free reading, therefore this variable could not be used
for comparisons.

The more fixations a person makes in reading, the larger share of the read-
ing time is occupied by gaze-shifting saccades, as the results have shown. We
have found that the fixations up to one second constitute the same share of
time for slower readers, i.e., fixations shorter than that were found by both
eye-trackers to occupy the same percentage of time. Since a less skilled reader
covers fewer characters by a saccade (Ashby, Rayner, & Clifton, 2005), two
closely spaced fixations may appear indistinguishable to a tracking setup.
That a faster reader proceeds through the text with shorter fixations and
larger size saccades has repeatedly been supported by research (Rayner, 1998;
Ashby, Rayner, & Clifton, 2005). Then the fixations are more widely spaced,
and less likely to be merged together due to an eye-tracking system. Why
then the faster readers are found to spend 90 percent of time in fixating
up to 1000 ms in the Hi-Speed data and only 70 percent in the HED data?
Possibly the answer is sooner to be found in the tracking conditions rather
than the data processing. If the participant’s head is free to move, a larger
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gap between two fixations can be covered by some head moves. Thus in
the eye-in-head coordinate system two successive fixations may be closely
spaced, even though they are remote in terms of characters. We hypothe-
size that some words, depending on their meaning, location or length, may
involve head movements more than other words do. Do the horizontal head
movements have inter-personal variations, or do they vary for the same per-
son depending on semantic cues in the text? For a cognitive exercise like
reading, which involves top-down regulation, the eye and head movement
coupling may in fact alternate within one task, which is consistent with pub-
lished research (Pelz, Hayhoe, & Loeber, 2001; Seo, & Lee, 2002; Stahl, 2001;
Oommen, Smith, & Stahl, 2004).

A larger number of fixations in the oral reading task was accompanied by
them taking statistically different in duration from those in silent reading.
The fact that the oral reading fixations were detected to be shorter than
others apparently presents the limitations of 50 Hz eye-tracking. Articulating
words may demand fixational eye movements, like microsaccades. Due to
their short amplitude and duration these movements could not be properly
detected by the eye-trackers and would also require a custom detection code
to be implemented. Nevertheless, the small eye movements could play a
role in fixation detection, and a single long fixation could be interpreted as
two or more shorter ones, which, however, does not explain for the strong
correlations in the fixation numbers. The possibility that it is the duration
of fixations that becomes improperly identified in oral reading is supported
also by the lack of correlation between the duration and the reading speed.
In silent reading, fewer words read per minute are at least partially explained
for by a greater number and longer duration of fixations.

12.6 Detected saccades are similarly distributed

Saccade amplitudes in both silent reading tasks have distributions with corre-
sponding first maxima (Fig. 12.3). In terms of letter sizes, the first maximum
occurs at six to eight characters. This finding for the Latvian language agrees
with the reading data for other European languages, like English or German
(Rayner, 1998). The second maximum is closer to the line length, as texts
were formatted in two columns, each 65 characters wide. This bimodality of
saccade amplitudes in reading warrants non-parametric tests, which further
asks for a comparatively large number of detected saccades to perform a rank
test. After reading training, saccade amplitudes have retained the bimodal
distribution but means increased by approximately one character in Tasks 1
and 2.
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Longer saccades in oral reading may witness to detection failures, which
also go in line with the findings that the duration of fixations in Task 3,
contrary to the expected, were found to be shorter. The option of having
a participant’s head free to move advocates a larger spatial and temporal
resolution of the tracker in the experiments of oral reading or tasks that
involve facial expressions.

Possibly changes in facial mimics while articulating words ask for slight
fixational eye movements that are interpreted as the ends of fixations by the
software. The times it takes to complete a saccade have similar distribu-
tions if they are binned by 20 ms. Though this resolution is sufficient to find
correspondences in saccade amplitudes by both eye-trackers, caution needs
to be exercised in eye movement research that involves eye speed or accel-
eration measures or ”main-sequence” analysis described elsewhere (Leigh, &
Kennard, 2004; Seo, & Lee, 2002). Probably rounding up of timings at lower
data digitizing rates is capable of distorting speed plots and can occasionally
cause large fluctuations in repeated measurements.

Strong correlations in the main sequence analysis were found in the data
of both setups. However, the experiment does not explain the difference in
the two slopes. On one hand, it may be purely due to the behaviour of the
oculomotor system in the two settings. On the other hand, the bifurcation
observable in Fig. 12.3b may hint at some cumulative effects of the saccade
duration rounding up if the digitizing rate is below a certain limit.

The participants were aware of the fact that they will re-take the reading
tasks. This alertness itself, as well as reading practice, could have lead to
more precise fixation landing positions, i.e., less oculomotor errors that are
common in reading a contingent text (Nuthmann, Engbert, & Kliegl, 2007).
An issue questioned by Nuthmann, Engbert, & Kliegl (2007) is also that of
attention during reading under experimental conditions. Repeated experi-
mental situations can mobilize the reader to avoid mind wandering, which is
different from mindless reading of one character strings.

12.7 Summary

We measured eye movement parameters in reading and their changes after
practise with the aid of two eye trackers. The setups with the participant’s
head free and stabilised and different precision related to that are often im-
plicitly considered to be equal in terms of the yielded data. The research
has revealed that the results of fixation detection are basically comparable.
When saccade detection is concerned, one reaches the same conclusions on
their size distribution and its changes. However, the more complex analysis
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that involves saccade dynamics, like the main sequence analysis, invites a fur-
ther investigation. The outcomes of oral reading research, possibly because
of slight head movements during word articulation, hint at possible task-
specific detection failures both of saccades and fixations at lower digitizing
rates.



13. CONCLUSIONS FOR DEFENCE

1. Athletes assess an unfamiliar sports situation with a smaller number of
fixations that are longer, as compared to non-athletes. The result is in
accordance with the familiar sports research.

2. Upon repeated exposure to sports situations, the changes in fixations
are corresponding in both groups. Athletes change the eye movement
strategies between novel or critical situations and less demanding action
observation.

3. Gaze holding and gaze shift change independently. Significant differ-
ences in one parameter do not imply significant differences in the other.

4. Correct classification responses in a single natural image demonstration
start on average after 420 ms. The velocity of the following movements
depends on the recognition time.

5. Images that are easier to recognize and classify evoke eye movements
with larger velocities.

6. Ultra-rapid classification response as small as 120 ms may be specific to
an experimental protocol, with large image sets and alternative choice
made.

7. Not only the number of fixations may decrease after reading practice,
but so does also the mean duration of fixations. Their duration corre-
sponds to the published values in reading English.

8. In silent reading, the saccade sizes, their distribution and changes are
referred similarly by both setups and are close to the values in reading
English.

9. The lack of significant correlation in the helmet-mounted eye-tracking
device data before and after reading training testifies to the result vari-
ability due to measurement technique and warns against HED mea-
surements where detecting small changes are relevant.



13. Conclusions for Defence 76

10. HED measurements of eye movements could still be used in reading
formatted pages and assessing their layout, for instance, text-books,
for the calculated mean duration of fixations by the setups with 240
Hz and 50 Hz data sampling frequency were not significantly different.
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