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Abstract

Human eye movements are essential for visual perception, as the physio-
logical structure of the eyes limits high acuity and colorful vision to a
small fraction of the retina. Measuring the dynamic interplay of fixations
(i.e., the eyes are stable relative to an object of interest) and saccades (i.e.,
the eyes are directed to a new target) makes possible fundamental insights
into the organization of vision. A complex interaction of several types of
eye movements is required when performing different tasks, such as ori-
enting in space, identifying objects, or interacting with persons. Here, we
discuss the characteristics of fixations and saccades in the context of active
vision, with particular focus on the relationship between the two parame-
ters. Analyzing the duration of fixations and the amplitude of saccades
during everyday activities can reveal insights into the processing of visual
information, allowing an understanding of what details of the environment
receive attention. In addition, by considering fixations and saccades in
combination, it can be determined how such details were processed within
the context of ongoing activities.
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the environment, the important role of eye move-
ments has been repeatedly emphasized in the lit-
erature (e.g., [4, 5]). The main reason for this
importance is based on the fact that the allocation
of visual attention mostly corresponds to the
direction of the eyes (e.g., [6]). Processing visual
information is governed by a multitude of neural
structures, both cortical and subcortical.
Therefore, measuring eye movements is not only
a complex study object in itself, it also delivers
diagnostic information on different levels. To
guide the reader to the potentials of the methods
described here for current psychiatry, we refer to
examples from schizophrenia research, where
applicable.

Natural sampling of information from the
environment during visual perception occurs via
“active vision” [5, 7]. Because of the uneven dis-
tribution of light-sensitive receptors across the
retina, the highest visual acuity is limited to the
small foveal area (about 2 degrees of arc). Outside
the high-resolution foveal area — in parafoveal
and peripheral regions — vision becomes blurred
and the perception of color is reduced. Given the
constraints on visual acuity, eye movements are
mandatory to perceive the environment.
Saccades — fast ballistic movements — rotate the
foveal region of the eyes from one point to another.
The relatively stable periods in-between are called
fixations. The intake of visual information occurs
within fixations but is largely suppressed during
saccades [8]. In most everyday situations, such as
reading text or inspecting an image, oculomotor
activity can be described as interplay between
fixations and saccades.

Following a rather crude classification, three
main areas of eye movement research can be
identified: (i) analysis of eye movements in
order to understand facets of reading, (ii) efforts
to investigate gaze behavior during free visual
exploration of natural stimuli, and (iii) work
that comprises the examination of visual search
processes in relation to eye movement strategies
(see [9]). This classification provides a general
overview but is an over-simplification. For
instance, these categories do not consider the
long history of eye movement research in clini-
cal settings (for a recent overview in this par-

ticular field, see [10]). A closer examination of
eye movement research reveals that significant
work has been done to combine insights from
different research areas, contributing to a more
general understanding of common processes
during, for example, reading and scene viewing
[11]. In recent years, much interdisciplinary
work has connected eye movement analyses
with research questions from other disciplines.
For instance, in the development and design of
attention-sensitive interfaces, eye movement
registration and analysis have become integral
parts (e.g. [12—14]).

Eye movements are often considered “the win-
dow to the soul” [15], which can provide access
to ongoing information processing. Combining
video-based eye tracking technology — the
means for non-invasive, extremely accurate, and
fast measurements of different activities — with
other measurements provides even more advan-
tages. For instance, parallel recording with brain
imaging enriches the explanatory power of eye
movement data [16, 17]. Furthermore, it allows
for a better understanding of brain activity since
details about the inspected visual information
can be extracted and assigned to the respective
brain signals [18]. Human eye movements are
a common output of a variety of psychophysi-
ological mechanisms located well beyond the
low-level oculomotor nuclei of the brain stem.
Some of these mechanisms are hierarchically
(or heterarchically; see [19]) organized. This
vertical dimension of cognitive organization is
an interesting object of scientific investigation
in itself, for instance, to examine the correspon-
dence between parameters of eye movements
and the relative dominance of one (or several)
such mechanisms. The results are expected to
provide a better understanding of eye movement
behavior and their control mechanisms. Such
understanding will enable us to use eye move-
ments as a powerful diagnostic instrument for
the real-time measurement of different forms
of cognitive activities or their impairments. As
a result, eye tracking will become of greater
importance in the development of future appli-
cations, as well as part of future applications
themselves.
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Parameters of Eye Movements

Understanding vision and visual perception is of
long-lasting interest and dates back to classical
antiquity. For instance, Plato (427-327 B.C.)
developed the extramission theory to explain the
process of vision. He imagined that vision occurs
when light comes out of the eye and hits objects
outside. Objects then release “flame particles” rep-
resenting different colors [20]. Since these early
attempts, many important discoveries have been
made about vision in general and the function and
purpose of individual parameters (for a review, see
[21]). Much of the knowledge about eye move-
ments has been uncovered in laboratory experi-
ments by investigating various eye movement
parameters. Nowadays, the interest in eye move-
ment research has shifted to understanding the
interaction between parameters and the meaning
as a whole in the process of active vision (e.g. [5]).
The neural systems controlling eye move-
ments are interesting because they form a net-
work in the whole brain. Analysis of eye
movements therefore provides amenable access
to mechanisms in the active brain. Two different
perspectives are possible when considering eye
movements. Eye movements can be understood
as the result of a highly complex and very precise
motor system, but also as part of a sensory sys-
tem that is instead concerned about where the
eyes are directed to in space, technically referred
to as gaze. For the study of gaze behavior, a func-
tional distinction should be made between the
various types of eye movements. Some eye
movements are dedicated to gaze-holding and
others are responsible for gaze-shifting.
Gaze-holding eye movements produce a sta-
ble image on the retina, which is important for
perceiving and processing of information, similar
to taking a picture with a camera. However,
unlike a camera, the eyes can be held stable even
if the head or body is moving. As soon as any
form of head or body movements occurs, our
visual system compensates for these movements.
Gaze-holding movements are driven by the bal-
ance organs in the inner ear (the vestibular sys-
tem). Accordingly they are named the
vestibulo-ocular reflexes (e.g., [22, 23]). In the

case of retinal image motion, for instance while
looking out of the window of a moving train,
another gaze-holding mechanism becomes acti-
vated, referred to as the optokinetic response
([241], see also [25]). Fixating on a moving object
in front of a stationary or dynamic background
requires a different class of gaze-holding move-
ments to keep the object stable at the foveal
region. Therefore the eyes need to be in motion
but must also be stable with respect to the object.
Such movements are called dynamic fixation or
smooth pursuit movements (see, e.g., [26, 27,
28]). Smooth pursuit movements have also been
of interest to psychiatric research from the very
beginning onwards, as can be seen from the semi-
nal work of Diefendorf and Dodge [29]. Among
other tests, “ocular pursuit-reactions” were iden-
tified as a promising candidate for the investiga-
tion of schizophrenia (or dementia praecox as
was the scientific term at that time). A meta-
analytic review [30] reported maintenance gain,
total saccade rate, and leading saccades to be the
most promising specific measures in smooth pur-
suit research in the context of schizophrenia.

Gaze-shifting eye movements are necessary to
redirect the small high-resolution foveal region to
the respective points of interest. These saccadic
movements are executed whenever a new object
needs to be fixated. On average, about three sac-
cades a second are performed. Further coordina-
tion is required because we have two eyes which
need to be adjusted so that the image of an object
falls on exactly the same parts of the two retinae.
For distant objects, the two eyes must move in a
conjunct manner. If an object comes closer, the
eyes must converge to line up in a disjunct man-
ner. This conjunct and disjunct behavior is sum-
marized as vergence movements.

Furthermore, during visual fixations, our eyes
make tiny movements (microsaccades, tremor,
and drift) of which we are not aware (see, e.g.,
[31]). The existence of these movements was
already mentioned about 150 years ago [32] and
they were assumed to support the perception of
fine spatial details [33, 34]. Early investigations
disproved this hypothesis by reporting effects of
visual fading if fixational eye movements are
eliminated (e.g., [35]). The term microsaccade
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was introduced by Zuber and Stark [36], desig-
nating fixational movements within a range of 2
to 12 min arc. Around this time, it was hypothe-
sized that microsaccades simply serve to com-
pensate for errors produced by the slow drifts
[37], but there was strong experimental evidence
against this argumentation. It was reported that
microsaccades can be voluntarily suppressed
without indications of visual fading (e.g., [38]).
Moreover, it was found that microsaccades disap-
pear during the performance of high-acuity tasks,
such as threading a needle [39]. These controver-
sial findings provided the start of a long-lasting
debate about the purpose of microsaccades (for
overviews, see [40, 41, 42]).

Recent experimental findings have shown that
fixational eye movements are important for pre-
venting visual fading [43]. It also has been
reported that microsaccades enhance the discrim-
ination of fine spatial details [44] and briefly-
presented stimuli [45]. Moreover, it was proposed
that microsaccadic activity provides an index for
covert attention shifts [46, 47]. Although recent
reports emphasize the importance of microsac-
cades for visual perception [41, 43], the contribu-
tion of microsaccades in the process of active
vision still remains unclear [48], and their signifi-
cance during natural viewing is still debated [31].
Recently, microsaccades came into the focus of
psychiatric research, too [49]. The authors inves-
tigated differences in free viewing ocular behav-
iour between healthy subjects and schizophrenic
patients. Results showed no differences in terms
of microsaccades, but overall scanning behaviour
heavily depended from image content. However,
based on the idea of a common mechanism of
saccade generation [50], it will be a future task to
broaden our understanding on the relationship
between saccades and microsaccades in the con-
text of schizophrenia research.

Microsaccades, clearly a facet of gaze-holding
movements, can be taken as an example to illus-
trate that the distinction is somewhat artificial,
motivated by the researchers’ interest in classifi-
cation of phenomena. Both saccades, falling into
the gaze-shifting category, and microsaccades
can be drawn onto a single continuum of a main
sequence, a term which has been adopted from

astronomy [51]. Here, the relationship between
the peak velocity and the amplitude of the sac-
cadic movement can be mapped. It has been
shown that the linearity of the relationship con-
tinues from the smallest microsaccades to wide
saccades measured in everyday activities such as
free inspection of a natural scene [52], providing
some evidence for the hypothesis that both kinds
of saccades are generated by the very same
instances. Therefore, whether gaze is being held
or being shifted might be a matter of perspective,
or of scale. The distinction, however, is useful to
examine underlying processes, and especially to
pinpoint the qualitative and functional differ-
ences. In the following sections, we will take a
closer look at fixations, saccades, and finally at
the dynamic interplay of both in active vision.

Characteristics of Fixations

When investigating fixations, different aspects
can be considered. First, the duration can be
measured, indicating how long the eyes are sta-
bilized with regard to a particular region or
object in the environment. Accordingly, the
duration of fixations provides a temporal charac-
teristic and can also indicate where our eyes are
attracted. The spatial distribution of fixations
contains information about which object is fix-
ated on first and where the eye is going with the
next saccade. Another important issue is related
to the information that is processed within a sin-
gle fixation. What is the amount of information
that can be perceived and processed? One can
think about this question in terms of a particular
window that might have a certain shape and size.
Given a window size of approximately 2 degrees
of visual angle, how can two successive fixations
that are spatially separated by only 1 degree be
resolved? Should these fixations be considered
as only one fixation within a region? What are
the mechanisms that control for all these differ-
ent features? Which brain structures are involved
in the temporal and spatial control of fixations?
Since some of the mechanisms are known
already, different models for fixational control
have been suggested.
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The early beginnings of eye movement
research revealed that fixations vary with regard
to their durations [53-55]. Fixation durations can
vary from less than 100 ms to several seconds,
but the vast majority of fixations are terminated
after about 200 and 250 ms [56]. The variation in
the duration of fixations has been attributed to
different reasons. Evidence has been found that
task type and difficulty influences the fixation
duration. For instance, in silent reading, the mean
fixation durations are shorter (225-250 ms) than
in oral reading (275-325 ms; [9]). This difference
could be related to the motor component when
reading aloud. However, the observation of
shorter fixation durations in visual search (180—
275 ms) compared to longer fixations in scene
perception (260330 ms) indicates that the nature
of the task clearly influences the length of fixa-
tions [9]. Furthermore, fixation durations can
even be different within the same task. It has been
found that inspecting the same visual stimuli
under different instructions leads to significant
changes in fixation durations [57, 58]. This has
been interpreted as evidence for a relationship
between fixation duration and the level of infor-
mation processing, according to Craik and
Lockhart [59].

The approaches discussed so far assume a
direct connection between the duration of a fixa-
tion and the ongoing information processing.
These direct control theories are supported by
results from the stimulus onset delay paradigm
(e.g., [60, 61, 62]). In this paradigm, the stimulus
is removed during a saccade and reappears within
the next fixation with specified delays. An
increase in the fixation duration by the amount of
the onset delay provides evidence that fixations
are under direct control (e.g., [60]). Changes in
the quality of available information can also
influence the duration of fixations [63-65]. For
example, Mannan and colleagues [64] reported
longer fixations for low-pass-filtered than for
unfiltered scenes. A prolongation of fixations has
also been found when the amount of either foveal
or peripheral information was limited by a gaze-
contingent mask [66].

In contrast to the direct control assumption, it
has also been argued that fixations might be

governed indirectly by other factors. These indi-
rect control theories propose that (i) the stimulus
processing within a fixation is too slow to have an
immediate effect (delayed control), (ii) the global
parameters, such as the task, stimulus properties,
etc., determine the length of fixations (global
parameter control; e.g., [67, 68]), and (iii) there is
an internal timing mechanism keeping the eyes
moving at a constant rate. Recently, a mixed con-
trol model for fixation durations has been sug-
gested [69, 70]. Applying the scene-onset delay
paradigm to scene perception resulted in a pro-
longation of a certain proportion of fixations
(supporting direct control) while other fixations
remained unaffected by the scene-onset manipu-
lation (supporting indirect control). These find-
ings have resulted in a recent computational
model for the control of fixations that accounts
for variations in fixation durations in scene view-
ing [71]. The timing signals (i.e., fixation dura-
tions) of the model are based on continuous-time
random walks. Furthermore, the level of visual
and cognitive processing can modulate the onset
of a saccade and thereby determine the length of
a fixation.

One critical limitation of the discussed theo-
ries is the missing link to brain structures and
their ongoing activity. A lot of information about
structures and their functional contribution to the
control of fixations have been accumulated dur-
ing recent decades. However, these findings are
mostly excluded from theories developed to
explain the control and duration of fixations.

The spatial distribution of fixations across an
image or in relation to the environment repre-
sents further important information for under-
standing the nature of visual sampling and
processing. The locations of fixations reveal the
strong interrelation between fixations and sac-
cades. The spatial distribution of fixations can be
examined with regard to the regions and objects,
i.e., considering the location of the eyes for a cer-
tain period of time. Similarly, it can be explored
why a saccade was performed towards a particu-
lar location in a scene. Regardless of which
approach is taken (direct or indirect control), the
eyes remain within a particular region until the
feature extraction and information processing is
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completed. One of the first contributions to this
topic was the feature integration theory [72, 73].
The approach was introduced to explain serial
and parallel mechanisms in visual search. The
key concept is based on the extraction of primary
features, such as color, orientation, and shape,
which are represented in separate feature maps.
These feature maps are integrated in a saliency
map that is accessible and used to direct attention
to the most conspicuous areas.

The concept of the saliency map has become
an essential part of computational models of
focal visual attention, and thereby for the expla-
nation of eye movement behavior (e.g., [74, 75,
76]). These attempts provide promising results
and a first approximation for modelling the spa-
tial distribution of fixations during the inspection
of naturalistic stimuli. However, the essential
limitation of the saliency approach is due to its
exclusive focus on primary physical features of a
scene. If the spatial distribution of fixations could
be sufficiently explained by the analysis of such
simple features, it could be concluded that visual
attention is exclusively controlled in a bottom-up
manner. Recent evidence revealed that this is not
the case; rather, the deployment of visual atten-
tion is based on bottom-up as well as top-down
influences [77, 78]. Moreover, it has been found
that task-demands can override saliency features
[78-80]. Thus, it seems that top-down mecha-
nisms (e.g., instructions) dominate gaze behavior
during visual tasks (e.g., [54, 80]) and in the per-
formance of visually-guided actions (e.g. [81,
82]). A fairly new and promising approach that
tries to overcome the problems of the traditional
saliency approach has been suggested by Hwang,
Wang, and Pomplun [83]. The authors conducted
experiments that combined several interdisciplin-
ary methods in novel ways to examine semantic
guidance within a visual scene. This method inte-
grates bottom-up and top-down saliency infor-
mation, thereby allowing predictions about eye
gaze behavior that are presumably closer to the
processing mechanisms of the visual system.

In psychiatric research, effort has been taken
to investigate fixation distributions over differ-
ent kinds of stimuli, in order to compare
schizophrenic patient groups to healthy subjects

(e.g., [84, 85]). Phillips and David [84] were
interested in where deluded schizophrenic
patients would direct their visual attention to
when inspecting images of faces, both familiar
and unfamiliar. They showed that schizophrenic
patients actively avoided informative regions by
mostly fixating areas outside the faces; moreover,
in conditions when two faces were presented,
fixation durations of deluded patients were pro-
longed as compared to the non-deluded and the
healthy control subjects. Sprenger and colleagues
[85] showed photographs of everyday situations
to schizophrenic patients. In comparison to
healthy control subjects, they found fewer fixa-
tion clusters, longer fixation durations as well as
deviant attentional landscapes and scan paths.

Characteristics of Saccades

Saccades are necessary to direct the fovea from
one point to another. In most visual activities, we
perform about three saccades a second [86].
During a saccade, the processing of visual infor-
mation is suppressed because the image is rap-
idly moving across the retina [8]. The period
where information encoding is suppressed starts
before the actual saccade and outlasts the sac-
cadic eye movement by about 50-60 ms [87-89].
In contrast to visual perception, cognitive pro-
cessing seems not to be interrupted during sac-
cades [90]. Saccades are of high velocities to
minimize the periods in which we are nearly
blind.

Different types of saccades are documented in
the literature. Saccades can be elicited by the
onset or change of a visual stimulus, designated
as exogenous, reflexive, or visually-guided sac-
cades. Moving the eyes to a target which is
recalled from memory requires the performance
of an endogenous, voluntary, or memory-guided
saccade. These saccades do not necessarily rely
on a visual stimulus. During natural viewing, we
either perform visually or memory-guided sac-
cades. Another form of saccade, the so-called
antisaccade, is often used in neurophysiological
research for diagnostic purposes (e.g., [91, 92]).
In the antisaccade task, the eyes have to move
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away from a visual target appearing on the screen.
The accurate performance of an antisaccade
requires inhibiting a reflexive saccade to the
onset location, together with a voluntarily move
of the eye in the opposite direction. The antisac-
cade task requires cognitive control, evidenced
by the fact that observers often have difficulties
in suppressing the reflexive saccades in the direc-
tion of the target. Programming and performing a
correct antisaccade is more delayed than visually-
guided saccades.

A network of several brain structures is
involved in the planning and execution of sac-
cades. Knowledge about the contribution of par-
ticular brain structures has been gathered by the
investigation of different saccade parameters. In
the following, we will discuss commonly ana-
lyzed parameters of saccades before briefly
reviewing those brain regions which have been
identified to significantly contribute to saccadic
activity. Saccadic eye movements bring the fovea
the regions of interest, which can vary with
regard to the distances in between, requiring the
saccade amplitudes to be of different lengths. In
everyday tasks, saccade amplitudes vary from a
few degrees up to 130 degrees of arc, with an
average saccade size of about 18-20 degrees [93,
94]. As aresult of the variation in saccade length,
there are also differences in saccade durations.
During reading, saccade durations are on average
20 to 30 ms but they can last up to about 100 ms.
The parameter saccadic peak velocity describes
the maximum speed that can be achieved within a
saccade (up to 900 degrees/s), almost linearly
related to the saccade amplitude. For the detec-
tion of saccades, when processing the raw data of
an eye-tracking device, the saccade acceleration
represents another important parameter (to dif-
ferentiate between other eye movements, a mini-
mum of 150 deg./s—2 is often applied; see, e.g.,
[95]).

Another feature is the saccade trajectory.
Saccades are rarely straight (e.g., [54]) and most
of them show a tendency to curve towards the
horizontal meridian [96]. Moreover, other objects
within the visual scene have been found to influ-
ence the magnitude and direction of the curvature
observed. The presentation of a distractor has

been found to curve a saccade towards a distrac-
tor (e.g., [97]) but also away from a distractor
(e.g., [98]). The direction of the curvature, i.e.,
towards or away from a distractor, appears to
depend upon the overall neural activity distribu-
tion produced by the target and the nearby dis-
tractor. According to the population coding
theory proposed by Tipper, Howard, and
Houghton [99], possible target objects are repre-
sented by large neuronal populations that encode
a movement vector aimed at the target. If the tar-
get and distractor are nearby, their population
codes will be combined into one distribution,
resulting in a vector which represents an interme-
diate location between the objects [100].

An often-used parameter, which is mainly of
importance for laboratory experiments, is the
saccade latency. The latency of a saccade
describes the time interval between the appear-
ance of a target and the execution of a saccade
towards the target. For healthy adults, saccade
latencies are reported within a range of 200 to
250 ms. Saccade latency also seems to be related
to cognitive development in children, as the
latencies of visually-guided saccades in children
are longer than in adults [101]. Obviously, the
latency shortens progressively with age.
Laboratory experiments have identified a sub-
population of saccades with very short latencies
at around 100 ms [102]. The existence and func-
tion of these so-called express saccades has been
debated, e.g., see [103]. The latency period is
necessary to complete several processes, such as
attentional disengagement from the actual fixa-
tion position, a shift of visual attention to the new
target location, and the computation of saccade
metrics. Each of these processes involves activa-
tion of different cortical and subcortical areas
(see below).

The saccade latency represents a cognitive—
physiological parameter, and has been extensively
studied with different paradigms. The manipula-
tion of information at the fixation location has
been found to substantially influence saccade
latency. In its simplest form, this manipulation
involves a disappearing fixation target before the
onset of the next target. The resulting saccade
latency is significantly shortened, a phenomenon
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which is known as the gap effect [104]. In con-
trast, an increase in the saccadic latency has been
found when two stimuli are shown at the same
time, one of which is the target, the other a dis-
tractor [105, 106]. This “remote distractor effect”
has the strongest influence on the saccade latency
when the distractor appears at the fixation loca-
tion [107]. We will elaborate more on the saccade
latency when discussing the relationship between
fixations and saccades.

In schizophrenia research, saccadic latency is
a prominent parameter [108—110]. Manoach and
colleagues [109] investigated microstructural
integrity of brain structures related to volitional
saccades, i.e., anterior cingulate cortex, frontal
eye fields, and right hemisphere parietal cortex,
using diffusion tensor imaging. Their results sug-
gest that slower volitional saccades in schizo-
phrenic medicated patients are associated with
reduced integrity. The relationship between
latency and peak velocity in pro- and antisac-
cades was investigated, both in groups of healthy
subjects and in schizophrenia patients [110], and
revealed for both groups that antisaccades had
lower peak velocities than prosaccades, and that
peak velocities of antisaccades were independent
of latencies. For prosaccades with long latencies,
however, schizophrenia patients showed signifi-
cant decrease of peak velocities. The authors
explained this effect with a possible decay of the
transient visual signal at the saccade target, or a
reduction of target-related neural activity in the
saccade system. Latencies of saccades are also
task-dependent. Schwab and colleagues [108]
studied schizophrenia patients and their first-
degree relatives as compared to healthy subjects
in a low and high demand visual task. Their
results showed smaller differences between the
tasks for the patients, as compared to the other
two groups, possibly reflecting a specific oculo-
motor attentional dysfunction.

Due to the fact that we perform about three
saccades a second, a high degree of accuracy
regarding the landing position of saccades is
required. If saccades often failed to land at the
desired target, our visual perception would cer-
tainly be impaired. During a saccade, no visual
feedback is available for online control due to

saccadic suppression and the short durations of
saccades. The accuracy of saccades is achieved
by an adaptive gain control mechanism correct-
ing for the tendency of saccades to either under-
shoot or overshoot their targets. Such adjustments
are related to the distance to the target. Especially
for saccadic amplitudes larger than 10 degrees, a
tendency for undershooting is known. This
undershooting is assumed to reduce program-
ming costs for the follow-up corrective saccade
because it requires less programming effort to
make the follow-up saccade in the same direc-
tion. The dynamic aspects of the gain control are
usually investigated by displacing the target dur-
ing the saccade to a certain extent. After several
repetitions, saccades begin to compensate for this
displacement and the displacement is included in
the saccade execution. This modification of the
saccade amplitude represents a strong indicator
for an adaptive control mechanism (e.g., [111]).
This paradigm of visuomotor adaptation has
recently been investigated with schizophrenic
patients showing neurological soft signs [112]. In
healthy subjects, one would expect to see adapta-
tions of the visual system within 30-80 trials
(see, e.g., [113]). In contrast to previous results
[114], Picard and colleagues [112] did not find
differences in terms of adaptation speed. Both
groups of healthy subjects and patients took
about 70 cycles to adapt to the displacement.
However, adaption rate was higher for healthy
subjects than for the schizophrenic patients.

In recent decades, numerous brain regions
have been identified which contribute to the pro-
gramming and generation of saccades, including
structures of the brainstem as well as cortical
areas (e.g., [115]). When executing saccadic eye
movements, the ocular motoneurons receive
input from vertical and horizontal saccadic burst
generators — two sets of nuclei of the reticular
formation [116]. Based on instructions from
higher-level structures, the saccadic burst genera-
tors produce commands that are necessary for the
generation of saccades with the desired metrics.

The two structures playing a key role for send-
ing commands to the saccadic burst generators
are the superior colliculus (SC) and the frontal
eye fields (FEF, [115]). Within the SC, visual,
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auditory, and somatosensory signals from differ-
ent brain structures are integrated. In addition,
cognitive signals are also important for the infor-
mation integration, such as attention, motivation,
and context [117]. The SC controls the direction
of the eyes, but is also important for the orienta-
tion of the whole body. The control of the orien-
tation of the whole body takes place mainly in the
cerebellum. Therefore, commands from the SC
to the saccadic burst generators are also adap-
tively modulated by signals from the cerebellum
[118]. These signals provide input when per-
forming saccades in order to calibrate the system
in terms of a long-term adaptation of the saccadic
gain, allowing for an online correction of each
saccade according to the variability of the rest of
the saccade-generating circuitry [ 114]. Additional
inhibitory input is sent to the SC from the basal
ganglia, a set of subcortical nuclei. Since most of
the cortical input to the SC is excitatory in nature,
this inhibitory information is essential to prevent
excessive demands for motor outputs [119].

In addition to the subcortical connections,
there are various cortical areas involved in the
generation of saccades, such as the posterior pari-
etal cortex, the parietal eye field, the dorsolateral
prefrontal cortex, the anterior cingulate cortex,
the pre-supplementary, supplementary, and fron-
tal eye fields (pre-SEF, SEF, and FEF respec-
tively; [120]). Each of these structures has at least
one particular function in the generation of sac-
cades. The FEF is involved in triggering inten-
tional saccades, while the parietal eye field
contributes to reflexive saccades. The initiation
of motor programs for saccades requires activity
in the SEF. The learning of these programs is
associated with the pre-SEF, while the dorsolat-
eral prefrontal cortex is involved in saccade inhi-
bition, prediction, and spatial working memory
[121].

Much research in recent decades has been
dedicated to understanding the functionality and
the interconnectivity of various saccade-related
brain regions. These efforts have resulted in
numerous computational models describing vari-
ous subparts of the saccade-related network, but
some models also try to explain saccade control
in general. These models are helpful for

interpreting empirical findings. An extensive
overview of state-of-the-art models for saccade
control was published in [117].

Active Vision: The Relationship
between Fixations and Saccades,
and Beyond

In 1935, Guy T. Buswell published his influential
book, How People Look at Pictures: A Study of
The Psychology of Perception in Art. This work is
important to the history of eyetracking because it
represents the first systematic investigation of
eye movements during the exploration of com-
plex scenes. Buswell recorded eye movements of
over 200 subjects while they viewed 55 photo-
graphs of objects ranging from paintings and
statuary pieces to tapestries, patterns, architec-
ture, and interior design. One of the most impor-
tant discoveries by Buswell was the fact that
observers exhibit two forms of eye movement
behavior. In some cases, viewing patterns were
characterized by a general survey of the overall
image; fixations were distributed over the main
features of the picture. In other cases, observers
made long fixations over smaller sub-regions of
the image. Apart from the fact that each observer
exhibited an idiosyncratic viewing behavior,
Buswell noticed a majority of quick, global fixa-
tions early in the viewing, transitioning to longer
fixations (and smaller saccades) as the viewing
time increased [53, 122].

Buswell also concluded that the “mental set”
obtained from experimental instructions signifi-
cantly influenced how people looked at pictures,
a finding that was later confirmed by the work of
the Russian eye-movement pioneer Alfred
L. Yarbus. In his book Eye Movements and Vision
[54] Yarbus demonstrated how viewing
instructions directly influenced eye movement
behavior. In his often cited experiment, Yarbus
recorded eye movements of one observer inspect-
ing I. E. Repin’s painting, “They Did Not Expect
Him” (1884; see, e.g., [123]). The experiment
started with a 3-min period of free viewing fol-
lowed by another six inspections, each with a dif-
ferent instruction, such as “Estimate the ages of
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the people” and “Remember the clothes worn by
the people”. The results from this experiment
verified the earlier observations by Buswell
(1935), providing striking evidence for top-down
influences on eye movements when exploring
visual scenes. A recent replication of the classical
Yarbus experiment with 17 subjects and shorter
inspection times confirmed the earlier findings,
but showed less dramatic influences of the differ-
ent instructions [124].

While early work on eye movements analyzed
the interplay between fixations and saccades dur-
ing natural viewing, in subsequent decades it
became of greater interest to investigate particu-
lar fixation and saccade characteristics in isola-
tion. The chosen approach can be described in
terms of passive vision, which eliminates as
many confounding variables as possible. To give
an example here, a typical experimental para-
digm requires the participant to perform single
saccades from a start point to a target position.
With such a procedure, it is possible to precisely
analyze mechanisms of saccadic control.
However, the subjects’ task represents a rather
artificial fixate-and-jump cycle which never hap-
pens in natural gaze behavior.

Although this approach can be criticized for
its unnatural and artificial procedure, most of the
existing knowledge about eye movements origi-
nates from this form of research. One of the rea-
sons for the use of such an artificial approach was
the lack of methodical and technical alternatives
for applying more natural paradigms to the inves-
tigation of eye movements. Furthermore, particu-
lar characteristics of saccades can hardly be
explored in the process of natural viewing. For
instance, examining adaptive gain control mech-
anisms when programming and executing sac-
cades requires the repeated performance of single
saccades under exactly the same conditions (e.g.,
[125]). The paradigm of the antisaccade task is
essentially based on the performance of saccades,
which is in clear contradiction to natural gaze
behavior [92]. Nevertheless, the paradigm pro-
vides important insights in specific gaze-control
mechanisms and represents a helpful diagnostic
tool [91]. Moreover, to understand gist process-
ing — the question of how much information

about a complex scene can be processed within a
certain amount of time — also requires a devia-
tion from the way in which we naturally perceive
our environment [126]. In experiments investi-
gating gist processing, a scene is typically shown
for a few milliseconds only.

Within the last decade, however, the active
vision approach [5, 7] has gained increasing
interest (for recent examples see, e.g., [4, 82,
127]). Apart from the issues discussed above,
there are further arguments emphasizing the
importance of the active vision approach in the
investigation of eye movements. First, under-
standing the complex structure of eye-movement
behavior, which is one of the central goals of this
field of research, can only be achieved with the
analysis of natural viewing sequences. Second,
the existing knowledge gained from investiga-
tions using laboratory settings and paradigms
needs to be validated in the context of natural
viewing settings. Finally, there is a growing inter-
est in using eye movements in various fields of
application beyond answering pure research
questions (e.g., [128, 129]). Therefore, a compre-
hensive understanding of eye movements can
only be based on the active vision approach.

When considering sequences of eye move-
ments, saccades and fixations are clearly related
in several aspects. The fact that vision consists of
the alternate performance of saccades and fixa-
tions has several implications for the analysis of
eye movement behavior. First, there is a temporal
interrelation: the longer the fixations, the fewer
saccades are performed within the same amount
of time. In contrast, increasing the frequency of
saccades also increases the number of fixations
but decreases the duration of fixations. Second,
there is a spatial interrelation: when inspecting a
particular scene, one can analyze the spatial dis-
tribution of fixations to understand which regions
were of interest. However, saccades need to be
programmed and executed in order to bring the
eye from the original to the new target location.
Therefore, the spatial distribution of fixations is
at the same time reflected in the amplitude of sac-
cades. Third, one should keep in mind that sac-
cade latency is also part of the fixation duration.
Accordingly, an increase in saccade latency
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automatically implies prolonged fixations. In
contrast, not every increase in fixation duration
necessarily implicates longer saccade latencies.

As mentioned at the beginning of this section,
a characteristic relationship between fixations
and saccades has already been reported by early
work in eye-movement research [53, 130]. In
addition to the characteristic changes over time,
another relation between the two parameters is of
interest: larger saccades always bring the eyes
further away from the original location. Assuming
that the processing during fixations before and
after a saccade is somehow related implies a
higher semantic relationship between consecu-
tive fixations for short saccades, as well as large
saccades. In fact, the saccade length can help
identify coarse-to-fine strategies [68, 131], and
can be used for understanding the interplay
between global and local processing mechanisms
[132-134]. Recent progress in the development
of advanced tools allows for comparing the
sequences of saccades and fixations [135-137].
This is also of importance for clinical research,
since the analysis of visual scanpaths has been a
prominent topic for instance in schizophrenic
patients [138—140].

Understanding the neurocognitive mecha-
nisms of (active) vision has been a challenge for
centuries. Research during past decades dealt
with rather simple and artificial tasks to exclude
interfering artifacts. As a result, the parameters
and mechanisms of interest were mostly investi-
gated in isolation, such as the study of the rela-
tionship between overt and covert attention shifts.
This relationship is often examined by presenting
a cue which directs covert attention to a particu-
lar region. A single saccade to this region can be
executed after a variable temporal delay. In most
experimental paradigms, such a trial consists of a
single fixation followed by a saccade. Such a
cycle clearly is an oversimplification of normal
visual exploration behavior. Real-life processing
of visual information is based on sequences of
fixations and saccades, allowing many degrees of
freedom. The interest in studying gaze behavior
in more naturalistic settings has increased
recently (e.g., [4, 141]), which is also due to the
advances of modern eye trackers (e.g., [142]).

These technological achievements make it possi-
ble to examine, for example, gaze strategies in
driving [143], in operating theatres [144, 145],
while making tea in a kitchen [146], or during
shopping in a supermarket [147]. Such types of
work demonstrate that the analysis of gaze behav-
ior can be applied to real-life applications [148,
149]. This, however, raises the question whether
the knowledge about visual information process-
ing gathered from simple and artificial paradigms
is sufficient for successful application. Bridging
the gap in the knowledge between findings from
controlled laboratory settings and real-life behav-
ior requires understanding the mechanisms of
active vision.

References

1. Schifferstein H. The perceived importance of sen-
sory modalities in product usage: a study of self-
reports. Acta Psychol (Amst). 2006;121(1):41-64.

2. Fenko A, Otten JJ, HNJ S. Describing product expe-
rience in different languages: the role of sensory
modalities. J Pragmat. 2010;42(12):3314-27.

3. Stadtlander LM, Murdoch LD. Frequency of occur-
rence and rankings for touch-related adjectives. Behav
Res Methods Instrum Comput. 2000;32(4):579-87.

4. Hayhoe MM, Ballard DH. Eye movements in natural
behavior. Trends Cogn Sci. 2005;9(4):188-94.

5. Findlay JM. Active vision: visual activity in everday
life. Curr Biol. 1998:8(18):R640-R2.

6. Henderson JM. Regarding scenes. Curr Dir Psychol
Sci. 2007;16(4):219-22.

7. Aloimonos J, Weiss I, Bandyopadhyay A. Active
vision. Int J Comput Vis. 1987;1(4):333-56.

8. Matin E. Saccadic suppression: a review and an
analysis. Psychol Bull. 1974;81(12):899-917.

9. Rayner K. Eye movements and attention in reading,
scene perception, and visual search. Q J Exp Psychol.
2009;62(8):1457-506.

10. Klein C, Ettinger U. A hundred years of eye move-
ment research in psychiatry. Brain Cogn.
2008;68(3):215-8. Epub 2008/10/07

11. Andrews TJ, Coppola DM. Idiosyncratic charac-
teristics of saccadic eye movements when view-
ing different visual environments. Vision Res.
1999;39(17):2947-53.

12. Vertegaal R, Shell JS, Chen D, Mamuji A. Designing
for augmented attention: towards a framework for
attentive user interfaces. Comput Hum Behav.
2006;22(4):771-89.

13. Vertegaal R, Velichkovsky BM, Van der Veer
G. Catching the eye: management of joint attention



276

J.R.Helmert and S. Pannasch

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

in cooperative work. ACM SIGCHI Bull.
1997;29(4):87-99.

Tamura Y, Sugi M, Arai T, Ota J. Attentive deskwork
support system. J Adv Comput Intell Intell
Informatics. 2010;14(7):758-69.

Wundt W. Grundriss der Psychologie [Outlines of
psychology]. Leipzig: Wilhelm Engelmann; 1897.
Bonhage CE, Mueller JL, Friederici AD, Fiebach
CJ. Combined eye tracking and fMRI reveals neural
basis of linguistic predictions during sentence com-
prehension. Cortex. 2015;68:33—47.

Kafkas A, Montaldi D. Striatal and midbrain con-
nectivity with the hippocampus selectively boosts
memory for contextual novelty. Hippocampus.
2015;25(11):1262-73.

. Richlan F, Gagl B, Hawelka S, Braun M, Schurz M,

Kronbichler M, et al. Fixation-related fMRI analysis
in the domain of reading research: using self-paced
eye movements as markers for hemodynamic brain
responses during visual letter string processing.
Cereb Cortex. 2014;24(10):2647-56.

Velichkovsky BM. Heterarchy of cognition: the
depths and the highs of a framework for memory
research. Memory. 2002;10(5/6):405-19.

Ackerman JS. Leonardo’s eye. ] Warburg Courtauld
Inst. 1978;41:108—46.

Wade NJ, Tatler BW. The moving tablet of the eye:
the origins of modern eye movement research.
Oxford: Oxford University Press; 2005.

Roy JE, Cullen KE. Selective processing of vestibu-
lar reafference during self-generated head motion.
J Neurosci. 2001;21(6):2131-42.

Duchowski AT, Medlin E, Cournia N, Murphy H,
Gramopadhye A, Nair S, et al. 3-D eye movement
analysis. Behav Res Methods Instrum Comput.
2002;34(4):573-91.

Chokron S, Brickman AM, Wei T, Buchsbaum
MS. Hemispheric asymmetry for selective attention.
Cogn Brain Res. 2000;9:85-90.

Biittner-Ennever JA, AKE H. Anatomical substrates
of oculomotor control. Curr Opin Neurobiol.
1997;7(6):872-9.

Barnes GR. Cognitive processes involved in smooth
pursuiteye movements. Brain Cogn. 2008;68(3):309—
26. Epub 2008/10/14.

Thier P, Ilg UJ. The neural basis of smooth-pursuit
eye movements. Curr Opin Neurobiol. 2005;15(6):
645-52.

Spering M, Montagnini A. Do we track what we see?
Common versus independent processing for motion
perception and smooth pursuit eye movements: a
review. Vision Res. 2011;51(8):836-52. Epub
2010/10/23.

Diefendorf AR, Dodge R. An experimental study of
the ocular reactions of the insane from photographic
records. Brain. 1908;31:451-89.

O’Driscoll GA, Callahan BL. Smooth pursuit in
schizophrenia: a meta-analytic review of research
since 1993. Brain Cogn. 2008;68(3):359-70.

31.

32.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Collewijn H, Kowler E. The significance of micro-
saccades for vision and oculomotor control. J Vis.
2008;8(14):1-21.

von Helmholtz H. Handbuch der physiologischen
Optik. Hamburg: Voss; 1866.

. Hering E. Uber die Grenzen der Sehschiirfe. Berichte

der Koniglichen Sichsischen Gesellschaft der
Wissenschaften Mathematisch-Physische Klasse.
1899;20:16-24.

Averill HI, Weymouth FW. Visual perception and the
retinal mosaic, II. The influence of eye movements
on the displacement threshold. J Comp Psychol.
1925;5:147-76.

Riggs LA, Ratliff F. The effects of counteracting the
normal movements of the eye. J Opt Soc Am.
1952;42:782-3.

Zuber BL, Stark L. Microsaccades and velocity—
amplitude relationship for saccadic eye movements.
Science. 1965;150(3702):1459-60.

Cornsweet TN. Determination of the stimuli for
involuntary drifts and saccadic eye movements.
J Opt Soc Am. 1956;46(11):987-93.

Steinman RM, Cunitz RJ, Timberla GT, Herman
M. Voluntary control of microsaccades during main-
tained monocular fixation. Science. 1967;155(3769):
1577-9.

Bridgeman B, Palca J. The role of microsaccades in
high acuity observational tasks. Vision Res.
1980;20(9):813-7.

Engbert R. Microsaccades: a microcosm for research
on oculomotor control, attention, and visual percep-
tion. Prog Brain Res. 2006;154:177-92.
Martinez-Conde S. Fixational eye movements in
normal and pathological vision. Prog Brain Res.
2006;154:151-76.

Rolfs M. Microsaccades: small steps on a long way.
Vision Res. 2009;49:2415-41.

Martinez-Conde S, Macknik SL, Troncoso XG,
Dyar TA. Microsaccades counteract visual fading
during fixation. Neuron. 2006;49(2):297-305.
Rucci M, Iovin R, Poletti M, Santini F. Miniature
eye movements enhance fine spatial detail. Nature.
2007;447(7146):851-4.

Rucci M, Desbordes G. Contributions of fixational
eye movements to the discrimination of briefly pre-
sented stimuli. J Vis. 2003;3(11):852-64.

Laubrock J, Engbert R, Kliegl R. Microsaccade
dynamics during covert attention. Vision Res.
2005;45(6):721-30.

Laubrock J, Engbert R, Rolfs M, Kliegl
R. Microsaccades are an index of covert attention:
commentary on Horowitz, Fine, Fencsik, Yurgenson,
and Wolfe (2007). Psychol Sci. 2007;18(4):364-6.
Steinman RM. Gaze control under natural condi-
tions. In: Chalupa LM, Werner JS, editors. The
visual neurosciences. Cambridge: MIT Press; 2003.
p- 1339-56.

Egana JI, Devia C, Mayol R, Parrini J, Orellana G,
Ruiz A, et al. Small saccades and image complexity



20

Eye Movements: Parameters, Mechanisms, and Active Vision

277

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

during free viewing of natural images in schizophre-
nia. Front Psych. 2013;4:37.

Martinez-Conde S, Otero-Millan J, Macknik
SL. The impact of microsaccades on vision: towards
a unified theory of saccadic function. Nat Rev
Neurosci. 2013;14(2):83-96.

Bahill AT, Clark MR, Stark L. The main sequence, a
tool for studying human eye movements. Math
Biosci. 1975;24(3-4):191-204.

Otero-Millan J, Troncoso XG, Macknik SL, Serrano-
Pedraza I, Martinez-Conde S. Saccades and micro-
saccades during visual fixation, exploration, and
search: foundations for a common saccadic genera-
tor. J Vis. 2008;8(14):21.1-18.

Buswell GT. How people look at pictures. Chicago:
University of Chicago Press; 1935.

Yarbus AL. Eye movements and vision. New York:
Plenum Press; 1967.

Brown AC. The relation between the movements of
the eyes and the movements of the head. London:
Henry Frowde; 1895.

Rayner K. Eye movements in reading and informa-
tion processing: 20 years of research. Psychol Bull.
1998;124(3):372-422.

Velichkovsky BM, Sprenger A, Pomplun M. Auf
dem Weg zur Blickmaus: Die Beeinflussung der
Fixationsdauer durch kognitive und kommunikative
Aufgaben. In: Liskowsky R, Velichkovsky BM,
Wiinschmann W, editors. Usability engineering.
Stuttgart: Teubner; 1997.

Velichkovsky BM. Levels of processing: validating
the concept. In: Naveh-Benjamin M, Moscovitch M,
Roediger III HL, editors. Perspectives on human
memory and cognitive aging: essays in honour of
fergus IM craik. Philadelphia: Psychology Press;
2001. p. 48-71.

FIM C, Lockhart RS. Levels of processing: a frame-
work of memory research. J Verbal Learn Verbal
Behav. 1972;11:671-84.

Morrison RE. Manipulation of stimulus onset delay
in reading: evidence for parallel programming of
saccades. J Exp Psychol Hum Percept Perform.
1984;10(5):667-82.

Rayner K, Pollatsek A. Eye-movement control dur-
ing reading: evidence for direct control. Q J Exp
Psychol A Hum Exp Psycol. 1981;33:351-73.
Vaughan J. Control of fixation duration in visual
search and memory search: another look. J Exp
Psychol Hum Percept Perform. 1982;8(5):709-23.
Loftus GR. Picture perception: effects of luminance
on available information and information-extraction
rate. J Exp Psychol Gen. 1985;114(3):342-56.
Mannan SK, Ruddock KH, Wooding DS. Automatic
control of saccadic eye movements made in visual
inspection of briefly presented 2-D images. Spat Vis.
1995:9(3):363-86.

Parkhurst DJ, Culurciello E, Niebur E. Evaluating
variable resolution displays with visual search: task
performance and eye movements. In: Duchowski AT,

66.

67.

68.

69.

70.

71.

72

73.

74.

75.

76

7.

78.

79.

80.

81.

82.

editor. Proceedings of the symposium on eye track-
ing research and applications. New York: ACM
Press; 2000. p. 105-9.

van Diepen PMJ, d’Ydewalle G. Early peripheral
and foveal processing in fixations during scene per-
ception. Vis Cogn. 2003;10(1):79-100.

Henderson JM, Weeks PA, Hollingworth A. The
effects of semantic consistency on eye movements
during complex scene viewing. J Exp Psychol Hum
Percept Perform. 1999;25(1):210-28.

Over EAB HITC, BNS V, Erkelens CJ. Coarse-to-
fine eye movement strategy in visual search. Vision
Res. 2007;47(17):2272-80.

Henderson JM, Smith TJ. How are eye fixation dura-
tions controlled during scene viewing? Further evi-
dence from a scene onset delay paradigm. Vis Cogn.
2009;17(6-7):1055-82.

Henderson JM, Pierce GL. Eye movements during
scene viewing: evidence for mixed control of fixa-
tion durations. Psychon Bull Rev.
2008;15(3):566-73.

Nuthmann A, Smith TJ, Engbert R, Henderson
JM. CRISP: a computational model of fixation dura-
tions in scene viewing. Psychol Rev.
2010;117(2):382-405.

. Treisman A, Gelade G. A feature-integration theory

of attention. Cogn Psychol. 1980;12(1):97-136.
Treisman A. How the deployment of attention deter-
mines what we see. Vis Cogn. 2006;14(4-8):411-43.
Itti L, Koch C. Computational modeling of visual
attention. Nat Rev Neurosci. 2001;2(3):194-203.
Parkhurst DJ, Law K, Niebur E. Modeling the role of
salience in the allocation of overt visual attention.
Vision Res. 2002;42(1):107-23.

. Torralba A, Oliva A, Castelhano MS, Henderson

JM. Contextual guidance of eye movements and
attention in real-world scenes: the role of global fea-
tures in  object search. Psychol Rew.
2006;113(4):766-86.

Underwood G, Foulsham T, Humphrey K. Saliency
and scan patterns in the inspection of real-world
scenes: eye movements during encoding and recog-
nition. Vis Cogn. 2009;17(6-7):812-34.

Foulsham T, Underwood G. What can saliency mod-
els predict about eye movements? Spatial and
sequential aspects of fixations during encoding and
recognition. J Vis. 2008;8(2):6.1-17.

Tatler BW. The central fixation bias in scene view-
ing: selecting an optimal viewing position indepen-
dently of motor biases and image feature
distributions. J Vis. 2007;7(14):4.1-17.

Einhéduser W, Rutishauser U, Koch C. Task-demands
can immediately reverse the effects of sensory-
driven saliency in complex visual stimuli. J Vis.
2008;8(2):2.1-19.

Hayhoe MM. Vision using routines: a functional
account of vision. Vis Cogn. 2000;7(1-3):43-64.
Land MF. Vision, eye movements, and natural
behavior. Vis Neurosci. 2009;26(1):51-62.



278

J.R.Helmert and S. Pannasch

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Hwang AD, Wang HC, Pomplun M. Semantic guid-
ance of eye movements in real-world scenes. Vision
Res. 2011;51(10):1192-205.

Phillips ML, David AS. Visual scan paths are abnor-
mal in deluded schizophrenics. Neuropsychologia.
1997;35(1):99-105.

Sprenger A, Friedrich M, Nagel M, Schmidt CS,
Moritz S, Lencer R. Advanced analysis of free visual
exploration patterns in schizophrenia. Front Psych.
2013;4:737.

Land MF. Motion and vision: why animals move
their eyes. J Comp Physiol A Sens Neural Behav
Physiol. 1999;185(4):341-52.

Latour PL. Visual threshold during eye movements.
Vision Res. 1962;2(3):261-2.

Diamond MR, Ross J, Morrone MC. Extraretinal
control of saccadic suppression. J Neurosci.
2000;20(9):3449-55.

Loschky LC, Wolverton GS. How late can you
update gaze-contingent multiresolutional displays
without detection? ACM Trans Multimed Comput
Commun Appl. 2007;3(4):1-10.

Irwin DE, Gordon RD. Eye movements, attention
and  trans-saccadic  memory. Vis  Cogn.
1998;5(1-2):127-55.

Smyrnis N. Metric issues in the study of eye move-
ments in psychiatry. Brain Cogn. 2008;68(3):341—
58. Epub 2008/10/10

Everling S, Fischer B. The antisaccade: a review of
basicresearch and clinical studies. Neuropsychologia.
1998;36(9):885-99.

Land MF. The coordination of rotations of the eyes,
head and trunk in saccadic turns produced in natural
situations. Exp Brain Res. 2004;159(2):151-60.
Land MF, Mennie N, Rusted J. The roles of vision
and eye movements in the control of activities of
daily living. Perception. 1999;28(11):1311-28.
Haarmeier T. Sakkadische Augenbewegungen in der
neurologischen Diagnostik. Neurophysiol Labor.
2010:32(3):146-52.

Viviani P, Berthoz A, Tracey D. The curvature of
oblique saccades. Vision Res. 1977;17(5):661-4.
Godijn R, Theeuwes J. Programming of endogenous
and exogenous saccades: evidence for a competitive
integration model. J Exp Psychol Hum Percept
Perform. 2002;28(5):1039-54.

Sheliga BM, Riggio L, Rizzolatti G. Spatial atten-
tion and eye movements. Exp Brain Res.
1995;105(2):261-75.

Tipper SP, Howard DV, Houghton G. Behavioral
consequences of selection from population codes.
In: Monsell S, Driver J, editors. Attention and per-
formance. Cambridge: MIT Press; 2000.

Port NL, Wurtz RH. Sequential activity of simulta-
neously recorded neurons in the superior colliculus
during curved saccades. J  Neurophysiol.
2003;90:1887-903.

Fukushima J, Hatta T, Fukushima K. Development
of voluntary control of saccadic eye movements. I:

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

age-related changes in normal children. Brain Dev.
2000;22:173-80.

Fischer B, Ramsberger B. Human express saccades:
extremely short reaction times of goal directed eye
movements. Exp Brain Res. 1984;57:191-5.
Kingstone A, Klein RM. What are human express
saccades? Percept Psychophys. 1993;54:260-73.
Saslow MG. Latency for saccadic eye movement.
J Opt Soc Am. 1967;57:1030-3.

Lévy-Schoen A. Determination and latency of
oculo-motor response to simultaneous and succes-
sive stimuli according to their relative eccentricity.
Annee Psychol. 1969;69(2):373-92.

Findlay JM, Walker R. A model of saccade genera-
tion based on parallel processing and competitive
inhibition. Behav Brain Sci. 1999;22(4):661-721.
Walker R, Deubel H, Schneider WX, Findlay
JM. Effect of remote distractors on saccade pro-
gramming: evidence for an extended fixation zone.
J Neurophysiol. 1997;78:1108-19.

Schwab S, Jost M, Altorfer A. Impaired top-down
modulation of saccadic latencies in patients with
schizophrenia but not in first-degree relatives. Front
Behav Neurosci. 2015;9(44):1-7.

Manoach DS, Ketwaroo GA, Polli FE, Thakkar KN,
JIS B, Goff DC, et al. Reduced microstructural
integrity of the white matter underlying anterior cin-
gulate cortex is associated with increased saccadic
latency in schizophrenia. Neuroimage.
2007;37(2):599-610.

Ramchandran RS, Manoach DS, Cherkasova MV,
Lindgren KA, Goff DC, JIS B. The relationship of
saccadic peak velocity to latency: evidence for a new
prosaccadic abnormality in schizophrenia. Exp
Brain Res. 2004;159(1):99-107.

Deubel H. Adaptivity of gain and direction in oblique
saccades. In: O’Regan JK, Levy-Schoen A, editors.
Eye movements: from physiology to cognition.
New  York: Elsevier/North-Holland; 1987.
p. 181-90.

Picard H, Le Seac’h A, Amado I, Gaillard R, Krebs
MO, Beauvillain C. Impaired saccadic adaptation in
schizophrenic patients with high neurological soft
sign scores. Psychiatry Res. 2012;199(1):12-8.
Hopp J, Fuchs AE. The characteristics and neuronal
substrate of saccadic eye movement plasticity. Prog
Neurobiol. 2004;72(1):27-53.

Optican L, Robinson D. Cerebellar dependent adap-
tive control of primate saccadic system.
J Neurophysiol. 1980;44:1058-76.

Moschovakis AK. The superior colliculus and eye
movement control. Curr Opin Neurobiol. 1996;6(6):
811-6.

Scudder CA, CRS K, Fuchs AF. The brainstem burst
generator for saccadic eye movements A modern
synthesis. Exp Brain Res. 2002;142(4):439-62.
Girard B, Berthoz A. From brainstem to cortex:
computational models of saccade generation cir-
cuitry. Prog Neurobiol. 2005;77:215-51.



20

Eye Movements: Parameters, Mechanisms, and Active Vision

279

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Quaia C, Lefevre P, Optican LM. Model of the con-
trol of saccades by superior colliculus and cerebel-
lum. J Neurophysiol. 1999;82(2):999-1018.
Hikosaka O, Takikawa Y, Kawagoe R. Role of the
basal ganglia in the control of purposive saccadic
eye movements. Physiol Rev. 2000;80(3):953-78.
Platt M, Lau B, Glimcher PW. Situating the superior
colliculus within the gaze control network. In: Hall
WC, Moschovakis A, editors. The superior collicu-
lus new approaches for studying sensorimotor inte-
gration. Boca Raton: CRC Press; 2004. p. 1-34.
Pierrot-Deseilligny C, Miri RM, Ploner CJ,
Gaymard B, Rivaud-Péchoux S. Cortical control of
ocular saccades in humans: a model for motricity.
Prog Brain Res. 2003;142:3-17.

Babcock JS, Lipps M, Pelz JB. How people look at pic-
tures before, during, and after scene capture: Buswell
revisited. In: Rogowitz BE, Pappas TN, editors. Human
vision and electronic imaging V, SPIE Proceedings,
46622002. Bellingham: SPIE; 2000. p. 34-47.

Tatler BW, Wade NJ, Kwan H, Findlay JM,
Velichkovsky BM. Yarbus, eye movements, and
vision. Iperception. 2010;1(1):7-27.

De Angelus M, Pelz JB. Top-down control of eye
movements:  yarbus  revisited. Vis  Cogn.
2009;17(6/7):790-811.

Wallman J, Fuchs AF. Saccadic gain modification:
visual error drives motor adaptation. J Neurophysiol.
1998;80(5):2405-16.

Greene MR, Oliva A. The briefest of glances: the
time course of natural scene understanding: research
article. Psychol Sci. 2009;20(4):464-72.

‘t Hart BM, Vockeroth J, Schumann F, Bartl K,
Schneider E, Konig P, et al. Gaze allocation in natural
stimuli: comparing free exploration to head-fixed view-
ing conditions. Vis Cogn. 2009;17(6-7):1132-1158.
Pannasch S, Helmert JR, Velichkovsky BM. Eye
tracking and usability research: an introduction to
the special issue. J Eye Mov Res. 2008;2(4):1-4.
Bernhaupt R, Palanque P, Winckler M, Navarre
D. Usability study of multi-modal interfaces using eye-
tracking. Lect Notes Comput Sci. 2007;4663:412-24.
Yarbus AL. The motions of the eye in the process of
changing points of fixation. Biofizika. 1956;2(1):76-8.
Hegdé J. Time course of visual perception: coarse-
to-fine processing and beyond. Prog Neurobiol.
2008;84(4):405-39.

Pieters R, Wedel M. Goal control of attention to
advertising: the Yarbus implication. J Consum Res.
2007;34(2):224-33.

Wedel M, Pieters R, Liechty J. Attention switching
during scene perception: how goals influence the
time course of eye movements across advertise-
ments. J Exp Psychol Appl. 2008;14(2):129-38.
Pannasch S, Helmert JR, Roth K, Herbold A-K,
Walter H. Visual fixation durations and saccadic

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

amplitudes: shifting relationship in a variety of con-
ditions. J Eye Mov Res. 2008;2(2):1-19.

Anderson NC, Anderson F, Kingstone A, Bischof
WE. A comparison of scanpath comparison methods.
Behav Res Methods. 2015;47(4):1377-92.

Cristino F, Mathot S, Theeuwes J, Gilchrist
ID. ScanMatch: a novel method for comparing fixa-
tion sequences. Behav Res Methods.
2010;42(3):692-700.

Mathot S, Cristino F, Gilchrist ID, Theeuwes J. A
simple way to estimate similarity between pairs of
eye movement sequences. J Eye Mov Res.
2012;5(1):1-15.

Beedie SA, Benson PJ, Giegling I, Rujescu D, St
Clair DM. Smooth pursuit and visual scanpaths:
independence of two candidate oculomotor risk
markers for schizophrenia. World J Biol Psychiatry
Off J World Fed Soc Biol Psychiatry.
2012;13(3):200-10.

Loughland C. Visual scanpath dysfunction in first-
degree relatives of schizophrenia probands: evidence
for a vulnerability marker? Schizophr Res.
2004;67(1):11-21.

St Clair DM. Atypical scanpaths in schizophrenia:
evidence of a trait- or state-dependent phenomenon?
J Psychiatry Neurosci. 2011;36(3):150.

Tatler BW, Hayhoe MM, Land MF, Ballard DH. Eye
guidance in natural vision: Reinterpreting salience.
JVis. 2011;11(5):1-23. Epub 2011/05/31

Pelz JB, Canosa R, Babcock J, Kucharczyk D, Silver
A, Konno D. Portable eyetracking: a study of natural
eye movements. In: Rogowitz BE, Pappas TN, editors.
Human vision and electronic imaging, Proceedings of
the San Jose, CA: SPIE; 2000. p. 566-82.

Land MF, Lee DN. Where we look when we steer.
Nature. 1994;369:742—4.

Grundgeiger T, Wurmb T, Happel O. Eye tracking in
anesthesiology: literature review, methodological
issues, and research topics. Proc Hum Fact Ergon
Soc Ann Meet. 2015;59(1):493-7.

Atkins MS, Tien G, RSA K, Meneghetti A, Zheng
B. What do surgeons see: capturing and
synchronizing eye gaze for surgery applications.
Surg Innov. 2013;20(3):241-8.

Tatler BW. Characterising the visual buffer: real-
world evidence for overwriting early in each fixa-
tion. Perception. 2001;30(8):993-1006.

Gidlof K, Wallin A, Dewhurst R, Holmqvist
K. Using eye tracking to trace a cognitive process:
gaze behaviour during decision making in a natural
environment. J Eye Mov Res. 2012;6(1(3)):1-14.
Fedota J, Parasuraman R. Neuroergonomics and
human error. Theor Issues Ergon  Sci.
2010;11(5):402-21.

Parasuraman R. Neuroergonomics: research and
practice. Theor Issues Ergon Sci. 2003;4(1):5-20.



	20: Eye Movements: Parameters, Mechanisms, and Active Vision
	 Introduction
	 Parameters of Eye Movements
	 Characteristics of Fixations
	 Characteristics of Saccades
	 Active Vision: The Relationship between Fixations and Saccades, and Beyond
	References


