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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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�Introduction

In this chapter, we point to the fundamental 
basics of humans’ probably most important 
sense — sight. For instance, when asking people 
which modality they would miss most if lost, the 
majority is likely to indicate vision [1, 2]. In 
addition, if people describe objects they primarily 
use adjectives that refer to visual (60%) or tactual 
(32%) modalities [3]. For visual processing of 
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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 
([24], 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 (260–330 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 a result 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.
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