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Abstract

Eye movements are the most frequent movements that humans make, and are often
considered to be cheap because of low metabolic costs. Therefore, research has primarily
focused on how eye movements are controlled by gains in reward or information. However, to
choose the optimal time and target of the next eye movement, it is necessary to calculate its
utility by weighting benefits with costs, including opportunity costs and costs for planning and
execution. In this review, we integrate evidence showing that costs are not negligible and are
considered for decisions about when and where to look. While many observable parameters of
eye movements are influenced by costs, it is challenging to attribute these effects to specific
types of costs because, unlike benefits, they cannot be observed and manipulated directly and
have to be inferred. The contribution of different types of costs and their representation and
implementation at the neuronal level therefore remains a challenge for future research.
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1. Introduction

At least three fundamental principles of the human visual system necessitate frequent
movements of the eyes. The first principle is the inhomogeneity of visual processing across the
visual field: acuity and contrast sensitivity for high spatial-frequencies peak in the center of the
visual field, called fovea, and decline steeply towards the peripheral visual field™" reviews see 1-5 \\hjle
this architecture integrates the two seemingly contradictory aims of achieving high spatial
resolution and a large visual field given limited processing resources, it requires gaze shifts to
benefit from foveal vision at different locations in the surround. Such gaze shifts are accomplished
by rapid eye movements, called saccades. Depending on the task, humans can execute up to four
saccades per second®’, which makes them the most frequent movement that humans make. Even
during fixation on an object, microsaccades are executed to bring task-relevant parts of the object
towards the center of the fovea®. The second principle is the rapid neural adaptation that leads to
perceptual fading of an object when its image on the retina does not move for some time®. To
prevent the retinal image from fading, gaze shifts by (micro)saccades are required to refresh the
retinal image of stationary objects in the environment'®12, The third principle is the smearing of
the retinal image by retinal motion, which is detrimental for visual perception and requires eye
movements to stabilize moving objects on the retina. For full field motion, for example when
looking outside the window of a moving train, this stabilization is accomplished by a reflexive
pattern of slow eye movements in the direction of motion and fast eye movements in the other
direction, which is called optokinetic nystagmus. The voluntary stabilization of small objects, such
as a flying bird, is accomplished by smooth pursuit eye movements (Box 2). The statistics of the
retinal input during fixation are further optimized for visual processing by fixational eye
movements®3,

A central question in eye movement research is how the “when and where” of the next
gaze shift are determined. The vast majority of the literature has focused on the possible benefits
of eye movementsf' reviews see 2,14, 15-17 "It has been shown repeatedly that eye movements have
various benefits by gaining information and reward and by supporting actions. Given the superior
visual capabilities in the foveal relative to the peripheral visual field, any gaze shift bringing an
object from the peripheral to the foveal visual field will lead to a gain in information. Gaze locations
can even be selected to maximize the information gain in a simple visual search task'®. The
appearance of a visual target after a saccade can act as a visual reinforcement, increasing the
probability of executing a saccade to that location in the future!®. Besides the possible gain in
information, the expectation of reward can also attract eye movements. For instance, the
expectation of receiving a reward (e.g. juice for monkeys or money for humans) or the expectation
of an intrinsically rewarding image can lead to shorter latencies and higher peak-velocities of
saccades?>?. Finally, eye movements are closely coupled to actions to support interactions with
the environment in everyday tasks, such as preparing a cup of tea’, making a sandwich??, or
walking?®. Gaze positions are chosen to reduce the uncertainty about the state of the world and to
provide action-related information just-in-time to guide the action. Neurophysiological studies have
shown that the expected value of different possible gaze targets is represented in spatial priority
maps in parietal cortex, frontal cortex and the superior colliculus®-2%. A gaze shift is ultimately
executed towards the peak activation in such a map.
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Figure 1: Illustration of costs and benefits of eye movements. Every eye movement comes with associated costs
(red), which must be weighed with potential benefits (green) when deciding when and where to move one’s eyes. A)
Costs include both neural and muscular costs which can arise at varying timepoints throughout saccade preparation
and movement. B) In this example, imagine sitting at your desk monitoring an online ticket line. While you're waiting, an
email alert appears in the corner of the screen. Where do you look next? Do you continue to look at the ticket line, to
monitor its status (yellow); C) do you glance down to the familiar photograph on your desk (magenta); D) or do you
glance to your new and exciting email alert (orange)? Each action comes with a different benefit in terms of informational
value and reward, but each also comes with costs (illustrated here as bars): while the amplitude of the saccade would
be the same for either location C or D (Section 3.3), the eye movement toward the photo (C) comes with the higher
costs of holding your eyes at a higher eccentricity (Section 3.1). Looking toward the photo (C) and the email alert (D)
comes with the opportunity cost that you might miss your chance to buy a ticket because your gaze may be elsewhere
at the critical moment you reach the front of the line (Section 2.2). Peripheral vision was simulated using the Eidolon
factory?2,

Although the costs of eye movements have been identified in various paradigms (as will
be summarized in this review), it is often assumed (implicitly) that eye movements are cheap and
that their costs are negligible for multiple reasons. As mentioned above, the visual system evolved
in a way that necessitates frequent eye movements. Excessive costs would make such a
construction highly inefficient. Furthermore, unlike other skeletal muscles, the eye muscles do not
show fatigue?-?. Finally, the mass and friction of the eyeball are considered to be negligible for
the dynamics of eye movements?. However, costs do not need to be limited to the metabolic costs
of physically moving the eye ball, especially when considering costs at different levels of
description (Box 1). Costs could also arise in terms of neural effort for target selection and motor
planning or in terms of their consequences for visual perception and the manual interaction with
the environment (Figure 1, Table 1). As for any other decision or action, considering only possible
benefits is not sufficient to arrive at an optimal solution, which requires maximizing the ratio of
benefits to costs, i.e. the utility. By manipulating extrinsic benefits and costs, it has been shown
that utility can be maximized by hand®*’3! and eye movements®.



Box 1. Costs at different levels of description

Any information processing system can be described at three levels, according to David Marr 295; At the
computational level, the goals of the system and the logic of the computation are described. With respect to the control
of eye movements, this involves for instance the goal to optimally trade-off costs and benefits of eye movements. At the
algorithmic level, the input and output signals, their representation and their transformation are described. With respect
to the control of eye movements, this refers to the way in which expected value?°® and information gain®” are calculated
and organized in spatial maps in parietal cortex. At the implementational level, the physical implementation of the system
is described. With respect to the control of eye movements, this involves, for example, properties of eye muscles or the
properties of neurons at different stages of the sensorimotor transformation?°8,

Importantly, the current understanding of different costs at the different levels of description varies drastically.
While some costs have been investigated at all levels of description, others are currently only under investigation at
single levels. For instance, the perceptual distortions of space during saccades have been investigated at the
computational?®, algorithmic?:® and implementational level?!l. As an example on the other extreme, some spatial costs,
like the costs of different saccade directions have been described at the computational level*2%148 but little is known
about them at the algorithmic and implementational level.

One reason why there is much more knowledge about the benefits than about the costs in the control of eye
movements is that the benefits can be easily measured and manipulated in experiments. Costs, however, often cannot
be directly measured or manipulated and instead have to be inferred from observable behavior and from modeling
approaches. Furthermore, biases in eye movement parameters often could originate from differences in either costs or
benefits and it is challenging to distinguish these from another.

In this review, we will integrate evidence showing that several types of costs (Figure 1,
Table 1) occur nevertheless and are taken into account even for these small and frequent eye
movements. We structure the costs of eye movements into three categories: planning, opportunity,
and execution costs. These categories are meant to facilitate the reasoning about costs, but they
are by no means the only way to structure costs. Planning costs are associated with the neural
effort required to select an eye movement target and to plan the eye movement. These planning
costs will arise even if the eye movement is ultimately cancelled. Execution costs arise due to the
actual execution of the eye movements. This includes not only metabolic costs of eye muscles,
but also neural effort related to the modulation of visual processing in the brain. Opportunity costs
are related to the loss of information at non-fixated locations or the loss of information during the
execution of an eye movement. While some costs, such as opportunity costs can be observed
and manipulated externally, other costs, such as planning or execution costs, only arise internally
and have to be inferred from behavior. Consequently, in some cases it is ambiguous as to which
costs are ultimately responsible for the observed eye movement behavior. Therefore, this review
is structured by the different observable parameters of eye movements, and for each of them we
will elaborate on the ways in which they can be influenced by different types of costs. The three
cost categories cut across the different eye movement parameters and will be referred to at
multiple locations in the review. Observable eye movement parameters are clustered in three
major groups according to the questions of how and when to move (temporal parameters), where
to move (spatial parameters), and sequences of eye movements (coordination). Temporal eye
movement parameters include not only low-level motor dynamics affecting movement speed and
duration but also the more high-level decision about when to leave and when to remain. Spatial
eye movement parameters relate to the decision where to move next and include postsaccadic
orbital eye position, saccade direction and amplitude, as well as potential errors and corrections.
Finally, we will describe how costs are not only considered at the level of single eye movements,
but even across whole sequences of coordinated eye movements.




Table 1: Taxonomy of costs of eye movements.

Cost category

Definition

Examples

Planning costs

e Costs associated with planning an
eye movement.

e  Occur whenever an eye movement is
planned, even when it is ultimately
canceled.

e Mostly related to neural effort, but
opportunity costs could arise as a
consequence.

e Selecting a target for the next eye movement (Section
3, Figure 3).

e Presaccadic attention: planning a saccade shifts
attention toward the target.

e Programming a motor plan to the target.

Opportunity costs

e The cost of missing information due to
an eye movement or due to
maintaining the current gaze position.

e  Occur only when the decision about
making an eye movement or about
maintaining fixation is ultimately
realized.

e Mostly direct sensory consequences
of the eye movement but also
secondary effects of planning and
execution costs on perception and
visual working memory.

e Saccadic suppression: Missing brief events during a
saccade (Section 2.1, Figure 2).

e  Saccadic mislocalization: Spatial and temporal
distortions during a saccade (Section 2.1).

e Low peripheral sensitivity and acuity at all locations
other than the current gaze location (Section 1).

e Retinal motion of stationary surround during pursuit
(Box 2).

e Loss of visual working memory capacity (in particular at
non-target locations) due to planning and/or execution
costs (Section 2.2).

e Presaccadic attention: attention shifts toward the target
at the expense of other peripheral locations (Section
2.2).

Execution costs

e Costs associated with actually making
an eye movement.

e  Occur only when the eye movement
is executed.

e Various types of costs: Metabolic
costs and neural effort; opportunity
costs as a consequence.

e Metabolic costs: The muscular effort required to make
and correct saccades.

e Saccadic suppression: Modulation of visual
processing'98199,

e Remapping information from pre- to postsaccadic
locations?00:201,

e Integrating pre- and postsaccadic information across
saccadesS.

2. How and when to move

At any moment in time, a decision about whether to remain at the current gaze position or
whether to leave for another gaze position has to be made. Once a decision is reached to leave
the current gaze position, time passes both until the eyes start to move (movement latency or
reaction time) and until they arrive at the new gaze location (movement duration). While the aspect
of how to move mostly relates to rather low-level aspects of the sensorimotor transformation from
visual to oculomotor signals, the aspect of when to move also relates to high-level decision-
making.

2.1. How to move

Saccadic eye movements rapidly shift gaze from one location to another and thereby follow
stereotypical movement dynamics, where peak-velocity and movement duration depend on the
amplitude of the saccade, a relationship called the main-sequence®. Similar movement profiles
can be observed in the head movements of birds that cannot move their eyes and produce head
saccades instead®*. Different costs and their minimization have been discussed as reasons for



the particular movement dynamics of saccades. This includes optimizing the duration, the
variability, or the effort of the movements.

The minimization of movement duration might be favored by different types of movement-
related costs. The transient, but detrimental consequences of saccades for visual perception are
some of the strongest perceptual effects in vision science. Around the execution of saccades,
visual contrast sensitivity is strongly reduced such that brief and weak visual signals can be
overlooked completely3S36for reviews see 37-39 (Eigyre 2A). Both passive visual masking from the
transient motion on the retina*®*** and an active suppression of visual processing®¥4* can
contribute to this effect. However, visual processing is not completely shut down during
saccades**®, Stronger visual signals might even be noticed during a saccade, but can then be
mislocalized in space and timefrareviewsee 47 This means that the benefit of gaining information at
a new gaze location is offset by a transient interruption and disruption of vision. Another relevant
cost of movement duration is the temporal discounting of reward. The longer it takes to receive a
monetary reward, the less it is valued*® and that also seems to apply to the reward that is
associated with bringing a selected target onto the fovea by a saccade (Figure 2B). The rate of
temporal discounting shapes the dynamics of saccades*® and also explains population differences
in movement duration, such as shorter durations in monkeys compared to humans, and in human
children compared to adults®. This temporal discounting of reward not only affects the duration
but also the latency of saccades (Section 2.2). The above mentioned costs of perceptual
distortions and the temporal discounting of reward are so high that the oculomotor system not only
reduces movement duration via saccade dynamics, but even by reducing saccade amplitudes®->2
(Section 3.3).
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Figure 2: Costs affecting temporal parameters of saccadic eye movements. A) Saccadic suppression. The graph
shows the transient reduction in detection performance for a stimulus flashed around the time a saccade?®®. The light
blue line indicates the average detection rate; the shaded region indicates the standard error of the mean. The dark
blue line is a model fit. B) Temporal discounting of reward. The curves show hyperbolic discounting functions with
different values of B: F(t) = 1/(1 + Bt). Higher B leads to stronger temporal discounting of reward, which then favors
faster movements and shorter movement durations. C) Speed-accuracy functions. The graph shows the relationship
between movement latency or movement duration (which both affect the time it takes to reach a target with the eye)
and accuracy. Usually, an increase in accuracy can only be achieved by increasing latency/duration® (here moving
along one curve as shown by squares). Reward can help to increase accuracy and decrease latency/duration at the
same time®! (moving off from one curve as shown by circles).



In addition to minimizing movement duration, it has been argued that saccade dynamics
also minimize the variance of the endpoint of the movement®2-54, This implies that movement
errors are costly and are therefore to be avoided (Section 3.4). This could include not only
immediate opportunity costs of failing to achieve the best visual sensitivity for the intended target,
but also secondary costs for subsequent corrections. Finally, another modeling approach
suggested that the dynamics minimize the effort of the movement as represented by the integrated
neural signal over the whole movement®®. Such effort could include planning and execution costs.

2.2. When to move

Saccades are typically executed at a latency of about 250 ms in response to the
appearance of a visual event in the peripheral visual field®®. While this is lower than latencies of
other effectors, such as the hands or fingers®, it is still not the bare minimum of the sensorimotor
transformation but includes some time for deliberation®°. Without that deliberation, the latency
of saccades can be as short as 100 ms®®,

The oculomotor system can flexibly adjust the duration of deliberation before movement
initiation by considering different factors. Amongst these factors are low-level stimulus properties
such as contrast and expectations about stimulus location®® as well as more high-level
expectations of rewardr reviews see 6162 Thjs includes the intrinsic value of stimuli?®?1®3 their
relevance for a perceptual task®-°" and the expectation of external reward?*:5%68,

To reach an optimal decision about when to execute a saccade, it is, however, not
sufficient to consider only the expected benefits at the new gaze location, but it is also necessary
to consider the expected costs of the saccade. Although visual sensitivity and acuity decline with
eccentricity from the fovea, if a peripherally viewed target is sufficiently visible from the current
fixation location, the utility of making a saccade might be less than the utility of retaining fixation.
For instance, the latency of saccades is a function of the ratio between the size and distance of
the target, with longer latencies for large targets or small distances®"°. This relationship might
reflect the trade-off between the benefits and costs of saccades. Since large and near targets do
not require high foveal acuity, the utility of a saccade might be worse compared to a situation
where a target is hard to identify in the periphery, leading to longer latencies for low compared to
high utility targets.

Moving gaze to another location also leads to opportunity costs at the current gaze
location, which can no longer be monitored with high fidelity in foveal vision after the gaze shift.
The decision about when to execute a saccade to a new location therefore needs to include the
relative benefit of fixation at the current gaze location and at other potential gaze locations’. The
decision about when to execute a saccade and when to maintain fixation can be optimized to
mitigate the perceptual consequences of saccades: when monitoring brief flashes that occur at a
certain frequency, saccades are executed preferentially at times when the probability of another
flash is low’?, to avoid missing a flash due to saccadic suppression. Similarly, saccades are
suppressed during particularly relevant events in a video game, for instance when a ball bounces
from another object’®. The costs of inaccurate or superfluous eye movements is also apparent in
research on the quiet eye, which shows that in many types of ball sports, high-performing experts
maintain a steady fixation on the ball or its expected bounce point earlier and for a longer duration
than novices’". The costs of saccades are also avoided through the gaze anchor strategy in
sports, where players fixate one location while monitoring other locations with peripheral
vision’®’’”. Saccades, especially small ones, are also less frequent in different visual tasks under



scotopic conditions, where vision is not supported by cones, but by rod photoreceptors’ . This
effect might be related to the longer temporal and/or the larger spatial integration under scotopic
vision, which makes frequent small saccades less useful than under photopic conditions.

The planning and execution of saccades not only lead to opportunity costs in terms of
visual perception at different locations in the visual field, but also with respect to visual working
memory and attention. The capacity of visual working memory is reduced due to the resources
required to plan and execute a saccade® and the contents of visual working memory at the
saccade target are prioritized at the expense of memory contents at other locations®-83, Similarly,
attentional resources are reduced at both non-saccade target locations and the current fixation
location® due to the presaccadic attentional shift to the saccade target!’8%8, Interestingly, the
suppression of presaccadic performance at non-saccade locations seems to be contingent on the
actual execution of the saccade and not on its preparation®’.

2.3. Speed-accuracy trade-off

Like any movement, eye movements are also subject to a speed-accuracy trade-off (Figure
2C), where lower latencies, higher movement speeds and lower movement durations lead to
reductions in movement accuracy, which is formalized in Fitt's law®®. The almost lawful relationship
of saccade amplitude and saccade peak-velocity, called the main sequence®, has been shown to
optimize the speed-accuracy trade-off>28%, |nterestingly, reward can lead to a break of this
speed-accuracy trade-off, such that movement speed can be increased without compromising
movement accuracy®:%2, Modeling suggests that movements with a higher speed/accuracy ratio
are more costly in terms of neural planning. These planning costs are taken into consideration
when determining the required or desired speed-accuracy ratio of the movement: Higher reward
expectations allow more neural effort to be dedicated to planning, which then leads to overall
better accuracy and shorter latency.

A longstanding debate refers to the question of whether saccadic eye movements are
subject to fatigue. On the one hand, peripheral eye muscles do not show fatigue?’:?¢, suggesting
that it should be possible to execute saccades repeatedly without any signs of fatigue. On the
other hand, different parameters of saccadic eye movements can be affected by (mental) fatigue,
typically manipulated by time-on-task®°*: This includes deviations from the main sequence® and
a decrease of saccade velocity in general®®, Using such changes as indicators of fatigue in
applied contexts®”® is promising but also challenging due to the large interindividual differences
in the metrics and the specificity of the effect for different types of manipulation. The disparity
between eye muscles being unaffected by fatigue and the effects of (mental) fatigue on the rate
and velocity of saccades suggests that these effects might be driven by fatigue due to the effort
in the neural planning of the eye movements (Table 1).

This section has primarily reviewed how costs decide the temporal aspects of when and
how eye movements are executed, and in the next section we will turn to the spatial aspects of
“where to move next”.



Box 2: Smooth pursuit and interactions with saccades

While this review mainly focuses on saccadic eye movements, there are also costs associated with smooth
pursuit eye movements, and the interactions between saccades and pursuit. Pursuit of moving targets aims to stabilise
the retina on a moving object, however this comes at the cost of decoupling object and retinal motion, in particular of
generating retinal motion of all stationary objects in the environment?. These competing costs and benefits have to be
weighed when deciding whether pursuit is necessary to complete a particular task?'2. When pursuing a target, the eye
will slow down when a target is predicted to stop. Pursuit is sluggish, and doesn’t stop immediately when a target
stops?132%4, so this anticipatory slowing might act to avoid both the metabolic cost of sustained pursuit at a higher
velocity, and the retinal consequences of overshooting the target when it stops moving. Initiating pursuit repeatedly
leads to a reduction of peak-acceleration and a prolonged duration of acceleration, which might reflect the compensation
of neural fatigue?*®. Additionally, when the eye lags too far behind a moving target, a catch-up saccade is necessary to
reorient the fovea closer to the target?'6217, Catch-up saccades are only executed when a certain threshold of retinal
error (eye-crossing time) is reached®® and they are avoided when critical information might occur about an
unpredictable target trajectory’® and when there is no central target to foveate?'®. Catch-up saccades might carry the
same opportunity costs as regular saccades, plus a misestimation of target speed?2°. Another form of costs might come
from the predictive mechanisms employed by pursuit to keep the eye on the target. Symbolic, verbal, or pictorial cues,
as well as physical constraints and priors can drive predictive or anticipatory pursuit, which serves a functional purpose
to keep the eye on a target to avoid collisions and plan actions?'2221.222_ Sych prediction can however come at a cost
when the predictions are wrong or unreliable, which results in the eye being further away from the target??3, in which
case a correction has to be made, incurring both metabolic and opportunity costs (Section 3.4). As with saccades, it is
challenging to measure or manipulate costs directly. Furthermore, disentangling the opportunity costs of pursuit (i.e.
retinal blurring) from other cost-benefit considerations (i.e. anticipatory slowing, prediction, catch-up saccades) may
prove difficult, and it is an open question as to whether or not these can be isolated and measured separately.

3. Where to move next

The question of “where to move next” has most often been characterized in terms of which objects
or areas in the environment are salient in terms of low-level features!®, or areas of task-relevant
priority incorporating immediate goals?*1°1, These saliency, or priority maps can be considered to
capture the benefits of moving one’s eyes to a particular location, however it is unknown if they
also encapsulate the associated costs of moving the eyes to each location (Box 1, Figure 3). As
with the costs associated with saccadic suppression (Section 2.1, Figure 2), the oculomotor
system also aims to minimise movement duration when deciding where to move next. In this
section we will consider the additional costs that are incurred when deciding where to move, which
are evident in measures such as postsaccadic orbital eye position, saccade direction, amplitude,
and error corrections. These costs lead to oculomotor biases which are so pervasive that some of
them are included in models of fixations/saccades when viewing images 1027194,
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Figure 3: Costs affecting spatial parameters of eye movements. The figure shows three spatial maps of costs
associated with postsaccadic orbital eye position (Section 3.1), saccade amplitude (Section 3.3) and saccade direction
(Section 3.2) that are summed in the lowest map. The grayscale indicates costs, with white representing high costs.
The red dot indicates the current gaze position. Such spatial maps are useful to think about how different costs influence
gaze behavior and could prove useful for computational modeling of the oculomotor system. However, there might not
be an explicit representation of spatial costs on an implementational level in the brain (Box 1). Instead of an explicit
representation of costs in a spatial map, costs might be implicitly represented in a salience or priority map, such that
targets merely appear less salient or receive less priority at “costly” locations. The non-linear representation of space in
the superior colliculus, which contributes to the undershoot of saccades’?17! (Section 3.4) and which can explain eye
movements in different tasks?%, would be an example for such an implicit representation of costs. Another potential
implicit representation of costs might be the privileged processing of the straight-ahead location!'#415 (Section 3.1) and
the polar angle differences in visual sensitivityfor a review see 146 (Saction 3.2).

10



3.1. Postsaccadic orbital eye position

Humans have a tendency to direct gaze to the centre of the visual field, irrespective of the
features or content of the scene!® (although this centre bias has been challenged as being due
to factors such as the distribution of stimuli in photographs or videos presented on the screen [i.e.
photographer bias!®]). While in most laboratory settings, the centre of the stimulus presentation
coincides with the eye gaze being centered relative to the head position, a recent study showed
that under naturalistic viewing conditions across different tasks in virtual reality, when participants
were free to move both head and eyes, they had a bias to keep their eyes centered relative to
their head position!?’. This centre bias in orbital eye position was attributed to “motor laziness,” or
in other words, the metabolic cost of maintaining an eccentric eye position. The muscle tension
required to hold the eye at an eccentric fixation position increases with the eccentricity of the
fixation relative to the central head position, therefore maintaining fixation at more eccentric
locations incurs a higher metabolic cost!,

Basic oculomotor parameters also provide systematic evidence that there is an inherent
preference for keeping the eyes centered. Comparing eye movements made away from the central
position (centrifugal saccades) to those made toward it (centripetal saccades) has shown shorter
saccade latencies for centrifugal saccades!®®, as well as higher peak-velocities'!®112 Similarly,
participants have lower fixation durations for more eccentric compared to more central stimulit®’.
This suggests a bias for saccades returning toward the centre of gaze compared to away from it.
Neural evidence also speaks for central fixation being a privileged eye position. There are specific
neurons in superior colliculus (in cats) responsible for re-centering the eyes, regardless of the
initial starting position of the eye!!®, and there is a preferential coding / higher gain in V1 for
neurons with more central receptive fields!'*. This ensures that even when the eyes are being
held at an eccentric location, stimuli presented at the straight-ahead position relative to the head
position still receive privileged processing. Indeed, reaction times are shorter when responding to
objects presented at a straight-ahead location!'®, and attention in visual search is modulated by
whether the eyes are centered in the head!'®. Even when combined eye-head movements are
made, this movement is coordinated such that the eyes return to a central position at the end of
the movement!'’. The way in which the coordination of eye and head movements is affected by
costs is described in Box 3.

This preference for central fixation, and the ease with which the oculomotor system can
seemingly return gaze to a central position speaks for the involvement of a second type of cost -
an opportunity cost. Having the eyes held at a more eccentric location is a less ideal starting point
for making unexpected saccades in various directions. If gaze is at an eccentric location and an
unexpected event occurs even further out in the periphery in the same hemifield, the eye only has
a limited range to move to an even greater eccentricity in that hemifield before a more effortful,
slower, combined eye-head movement needs to be made - this combined movement incorporates
an extra compensatory slowing of the eyes, prolonging the time that visual information is
suppressed!!®. Additionally, even if the eyes need to move into the other hemifield, longer
saccades might be necessary (for example reaching a gaze position of 15 degrees to the right
takes longer when starting from the opposite hemifield than starting from the centre), and these
take more time!'® and are more effortful (Section 3.3). From an evolutionary perspective, it is
beneficial to keep the eyes centered to reduce the costs associated with longer saccades and
longer suppression of visual input. While in modern life being able to centre gaze quickly and
accurately on a suddenly appearing predator or prey might not be of such vital importance, these
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cost-saving behaviours can be observed in other high pressure situations such as sports (though
some may argue that missing a ball is in fact a matter of life and death; see also Section 2.2).

Box 3: Combined eye and head movements

Most of the research on eye movements is performed under head-fixed conditions, such that gaze shifts are
entirely accomplished by eye movements. However, under natural, head-free conditions, gaze shifts are often
accomplished by a combination of eye and head movements. While the coordination of eye and head movements is a
large field in its own respect??*, we want to mention here only those aspects that are relevant for cost considerations.
The coordination of eye and head movements nicely illustrates why cost considerations are also necessary for eye
movements. Since head movements are obviously costly due to the weight and inertia of the head and its slower
movement, one would expect that eye movements are always preferred over head movements if eye movements do
not incur costs or if their costs are not considered. However, there are clearly cases where a combination of head and
eye movement is preferred and the coordination of eye and head movements has been related to the optimization of
different types of costs. Most likely related to the costs of eccentric orbital eye position (Section 3.1), the contribution of
head movements depends on the expectations about the future gaze: if long fixation durations??® or another gaze shift
in the same direction??5226 are expected, there is a larger contribution of the head. Minimizing the integrated effort of
the combined eye and head movement®® as well as optimizing the impact of constant and signal-dependent noise on
motor performance??” can explain many aspects of combined eye-head movements, including the relative contribution
of eyes and head to the overall gaze shift. Such optimal behavior can be learned by adaptation of the motor controller
to the cost function?28,

3.2. Saccade direction

Saccades are not executed equally in every direction and there are multiple anisotropies:
First, horizontal and vertical saccades are more frequent than oblique saccades in many lab and
real-world tasks!?%-123, Second, horizontal saccades are more frequent than vertical saccades in
scene viewing and visual search tasks &9 121124125 Thjs tendency toward horizontal saccades in
particular is so prevalent that it is even incorporated into models which take human gaze patterns
into account to predict fixation locations®* or which replicate natural gaze in animated avatars'?.
Basic oculomotor parameters also reflect this bias, with shorter saccadic reaction time for
horizontal saccades'?’. However, there are also cases where vertical directions are more frequent,
such as when walking in natural environments!?2, Third, there is a preference for upward
compared to downward saccades, as evidenced by lower latencies for upward saccades!?’-13!
and more upward saccades in choice tasks?%'%2 and in visual search’®123,

On the one hand, these effects might merely reflect visual input - the orientation statistics
of the natural world itself is biased toward the horizontal and vertical axes'®*135, and this is
reflected in cortical coding differences for oblique vs cardinal axes®%, |t has also been shown
that the anisotropy of saccade direction is related to the orientation of meaningful scenes for larger
saccades, for example the preferred saccade direction will shift if an image is rotated*-14°, though
interestingly this is not the case for microsaccades!* or when viewing fractals'*?. Shared
perceptual and oculomotor biases point to a shared cortical signal that is biased toward these
cardinal directions, at least for smooth pursuit**®. Such preferences may stem from differences in
the processing of different parts of the visual field, for example anisotropies in processing the
lower and upper part of the visual field#+-24¢, or left vs right visual field*’.

On the other hand, however, these effects might reflect anisotropies of eye movement
costs. Individuals have been shown to have different directional preferences in response selection
for eye movements and thumb movements, with saccades showing a bias for upward and leftward
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directions®®2, As these preferences differ between different motor effectors with everything else
being identical, they might reflect different directional costs of these movements, potentially
stemming from different physiological constraints. These stable individual differences in gaze
direction preference can be described as a neuroeconomic decision-making process, where
saccade direction choices depend on the utility of different options, and are independent of the
visual input!*®, This suggests that directional preferences in saccades are not merely a byproduct
of the natural statistics of a scene, but reflect an active comparison of the utility of different saccade
target options, weighing factors such as shorter amplitudes (Section 3.3), and maintaining a similar
relative direction of the upcoming saccade compared to the previous one.

More recent evidence has offered another measure of the intrinsic cost of eye movements
in different directions. Pupil size scales with effort in various tasks®?% 14°-152 and has been shown
to be larger during the preparation of saccades compared to covert attention shifts, which points
towards additional effort required to execute a saccade!®. There are also anisotropies in pupil
size during the preparation of saccades in different directions, with larger pupil size for oblique
than for cardinal directions and for downward than for upward directions *?°. Importantly, these
anisotropies correlate with saccade preferences in target selection and in scene viewing tasks.
These costs could stem from the different muscular effort involved in making saccades in non-
horizontal directions or the additional neurological complexity of programming oblique
Saccade3124,154—157_

3.3. Saccade amplitude

Larger saccades are more effortful due to the extra muscular tension required to drag the
eye through a larger rotation, and they also take longer to execute. The oculomotor system tends
to avoid these extra metabolic and opportunity costs incurred by saccades with larger amplitude
by making more frequent, smaller saccades. Indeed, in natural viewing the most common saccade
length tends to be under 15 degrees in amplitude!®8, with most saccades having an amplitude of
around 4-6 degrees in everyday tasks such as hand-washing!*® and while searching for coffee
cups on a cluttered desk®°. In visual search, while saccade amplitudes may be slightly longer
than during free-viewing®?, participants also tend to avoid longer, or more effortful saccades, even
if they would be the best strategy to solve a particular task. In search for example, saccades are
more likely to be directed to closer locations, even if they are less likely to contain the search
target!®2, Including costs for larger amplitudes also improves the fit of an ideal planner model to
eye movements in a visual search task!®3, The costs of making longer saccades may include the
additional computational cost of planning a saccade to a more eccentric target which may be
visually less well-defined, and therefore requires higher attentional or computational resources to
targetl“&lﬁz.

Longer saccades are also more variable in their final landing positions, which could come
with the additional cost of a corrective saccade, incurring additional metabolic and opportunity
costs (Section 3.4). The tendency for saccades, especially initial, orienting saccades to target the
centre of gravity of objects or groups of objects®*1%5 can be seen both as a way of minimising the
amplitude of any secondary or corrective saccades, and of reducing the resources required to
select a single target for the initial saccade®®.

While this section considered saccade amplitude from the perspective of the costs of
choosing between targets with different amplitudes, the next will consider a different aspect of the
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cost-amplitude relationship - how saccade amplitudes undershoot the intended target, to minimise
the effort of error corrections.

3.4. Saccade error and corrections

Saccades often miss the intended target, and sources of this saccadic error come from
both noise in the planning of the saccade and motor noise in the execution of the saccade!®’.
Saccades are therefore optimized to try to reduce the effects of this motor noise'®. A typical and
robust finding is that the primary source of saccade error is an undershoot of the intended target
by about 5-10% of the target eccentricity - termed a hypometric saccade®®. While this saccadic
undershoot, and the hypometric bias of saccades might originate from the non-homogenous
representation of the visual field and foveal bias in the superior colliculus!’®’, it may also be a
planned strategy to minimise the costs associated with making a corrective saccade. Accordingly,
the cost function governing saccade corrections is asymmetric, with more cost associated with
overshoots than undershoots!’2. It is shaped both by how long it takes for an individual to correct
hypermetric compared to hypometric saccades, and by the uncertainty surrounding the target
location.

For hypometric saccades, any corrective saccade from an undershoot would result in a
corrective saccade being made in the same direction as the initial saccade, whereas for
hypermetric saccades, corrections would have to occur in the opposite direction. Executing a
corrective saccade in the same direction minimises the additional time it takes to execute a
corrective saccade in the opposite direction of the initial saccade'’®, which in turn minimises the
temporal or opportunity cost of the information lost due to the time taken to execute a second
saccade® (Section 2.1). Additionally, neural processing costs are minimised by keeping the target
within the same hemifield in primary and corrective saccades!’*1’>. In this case, for hypometric
saccades, the saccade target remains within the same hemifield after both the primary and
secondary saccade - this has the advantage of avoiding the additional processing time it would
take to transfer pre- and postsaccadic target information across hemispheres in the case of a
hypermetric saccade followed by a backward secondary saccade (though note that that the cost
of such inter-hemispheric integration may only be around 10ms®). Interestingly, while children
are more variable in their saccade landing positions and produce more hypometric saccades than
adults, they are also faster at correcting hypometric saccades with another saccade!’’, which
suggests that the oculomotor system anticipates and plans corrective saccades based on frequent
and expected errors and noise.

4. Sequences of movements

So far, we have considered how costs influence the when and where of single (saccadic)
eye movements. However, saccades are often executed as part of a longer sequence of eye
movements, for instance when searching for an object on a desk or for a friend in a crowd. Different
experimental paradigms have provided evidence that eye movements in such a scan path do not
have to be planned step-by-step but can be planned in parallel before executing the first
movement!’®-181 However, there is mixed evidence as to what extent costs are considered for the
whole sequence at once or only for each single saccade at a time.

Comparing trajectories of eyes and hands suggests that planning for eye movements is
more myopic than for hand movements. When foraging in an array of items, the items can be
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inspected in various orders, which will differ in the length of the resulting path and therefore the
required time and metabolic energy. Minimizing the overall path length of course requires planning
multiple steps ahead, which requires neural resources and also decreases the ability to flexibly
react to changes in a dynamic environment. While exploration with hand movements indeed
reduces the overall path length by planning several steps ahead, foraging with eye movements
primarily takes into account the value of the next item/gaze location'®. This can be interpreted as
evidence that planning costs outweigh the additional spatio-temporal costs of (suboptimal)
exploration for eye movements. As hand movements are slower and incur higher metabolic costs,
they are planned more in advance to minimize the path-length of exploration. Another study found
that the costs of switching between different types of targets are larger for finger than for eye
movements, leading to less systematic foraging with more switches for eye than for finger
movements'&,

However, other paradigms have provided evidence that the costs of longer sequences can
be considered for eye movements, for instance the spatial aspects of the sequence. When
participants have to explore a search area with either one or with two fixations, the location of the
first fixation is adjusted to maximize the information gain within this fixation or across both fixations,
respectively®,

The temporal costs to find a target can also influence the target selection of eye
movements in visual search tasks. In general, the time it takes to find a target amongst distractors
will depend on the similarity of target and distractors!84. When two targets are available, it will be
easier and faster to find the target that is more distinct from the distractors. Interestingly,
participants update their search strategy when the distractor color changes predictively over trials,
indicating that they can consider the search costs to maximize their performance!®. However, the
updating of the search strategy is sluggish and there are stable individual differences that are
related to how cognitively effortful participants rated the change in strategy*®. Interestingly, such
search costs can also be traded-off with other criteria for efficient target selection. When
participants have to discriminate a feature on one of two possible targets, which differ both in their
discriminability for that task and in their search costs, participants can maximize their rate of
reward by time. They do so by trading-off the discriminability (e.g. how likely is it to give the correct
response on the target) with the search costs to find the target (e.g. how long does it take to find
the target) 187, To adequately estimate the search costs, participants not only have to represent
the number of distractors for each target, but also how long it takes them to reject a distractor and
move to the next element. While eye movements accomplish this trade-off in principle, they also
show some deviation from an ideal actor: the first saccade especially is often directed to the
closest element and not to an element sharing features with the better target. Interestingly, hand
movements are closer to the ideal actor in such a paradigm!®. One possibility might be that the
first hand movements are executed at a later point in time, so there is more time available for
planning. Alternatively, more neural resources might be spent for the planning of the whole
exploration sequence for hand than for eye movements. Another study showed that when a target
first has to be searched for with the eyes, and then reached for with a manipulandum, the decision
about where to search for the target is influenced by the temporal costs of moving the
manipulandum to different regions (e.g. slower speed is less preferred), but interestingly not by
the required effort (no effect of simulated viscosity)!8°. The temporal costs to inspect search items
also need to be considered to achieve optimal performance in foraging, where participants need
to decide if they want to keep foraging for targets in the current display or move on to the next
display. The optimal solution is to switch to the next search display, when the expected rate of
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reward in the current display drops below the overall rate of reward. To calculate the rate of reward,
the time to inspect another search item is required. When the number of potential targets is
unknown and varies across search displays, participants can use this information for their
decisions®.

Spatio-temporal costs of exploration are also considered when deciding about whether to
maintain information in visual working memory or to access visual information in the environment
just before it becomes relevant for guiding the next action®*-1%: when participants have to pick-
up bricks from one location to copy a model at another location, they usually do not memorize the
whole model, but look at the model before picking up and before placing the next brick. However,
when the costs for acquiring information from the model are increased, by placing the model and
the construction site further apart'911931% or by temporally delaying the available information at
the model'®2-1%, exploration of the model decreases and participants instead rely more on visual
working memory resources. Similarly, in visual search, items are less often revisited when the
exploration is more costly due to a temporal delay of information after fixation'®’. This shows that
the costs of using visual working memory are traded-off with the spatio-temporal costs of
exploration.

Overall, these findings show that the decision about where and what to search for can be
influenced by spatio-temporal costs that are related to the whole exploration sequence and not
just to a single saccadic eye movement.

5. Summary and future directions

The when and where of eye movements is clearly not only determined by potential gains
in information and reward, but also by potential costs of the movement. As for any action, such
weighing of costs and benefits is necessary to optimize performance. While the critical role of
costs is apparent in many spatio-temporal parameters of eye movements, it remains difficult to
attribute these effects to specific types of costs (Figure 1, Table 1). Future research should isolate
different costs to better understand their individual contribution and how they are ultimately
combined. At the end of this review, we will outline the particular challenges for future research in
this direction. Some of these challenges are specific to costs, some of them apply to studying the
control of eye movements in general.

One of the reasons why studying the impact of possible gains in information and reward
on the control of eye movements has proved fruitful is that these benefits can be measured and/or
manipulated directly®®. For instance, it is possible to associate rewards or penalties with different
locations or objects in the environment, or to measure the visibility of targets at different
eccentricities and then to observe the resulting effects on various eye movement parameters.
However, some types of costs arise from exclusively internal considerations (Figure 1) and can
neither be directly observed nor directly be manipulated. Instead, they can only be inferred from
the pattern of oculomotor behavior. Computational modeling has proven to be particularly useful
in revealing the influence of intrinsic costs®!.

It is also challenging to understand the underlying metric of how different benefits and
costs are weighted and combined. All the different possible benefits and costs need to be
combined and weighted by the brain to determine the best possible eye movement. This
necessitates merging different factors into a common spatial representation and a common unit
of magnitude. Factors such as salience, expected reward, planning costs, opportunity costs or
execution costs do not necessarily originate in the same frame and unit of reference and might

16



need to be converted to a common representation before being weighted relative to each other.
The way in which the brain determines the relative weights for costs and benefits is also not fully
understood. While some parameters of eye movements, such as the saccadic undershoot
(Section 3.4) and saccade dynamics (Section 2) clearly show direct influences of costs, the
weighting of costs for saccade target selection is less clear. In many circumstances, differences
in the benefits at different potential eye movement targets might outweigh the corresponding
differences in costs, such that the decision about the next eye movement target is dominated by
benefits. However, there might also be (frequent) scenarios where potential benefits are similar
for multiple locations, allowing costs to tip the decision in one direction. As mentioned above, one
particular challenge in investigating the relative weighting of benefits and costs is manipulating, or
at least measuring, costs to trace their impact on eye movement control.

Indeed, there are different ways that costs could be represented in the brain. There might
be explicit spatial maps for costs that encode the distance and direction of potential saccade
targets (Figure 3). Such spatial maps would then need to be combined with maps representing
the benefits (e.g. salience or expected reward) to end up at an overall priority map that guides
eye movements?+25101  Alternatively, costs might be represented implicitly as a modulation of the
maps of benefits. For instance, the neural representation of salience or expected reward could
be attenuated at more costly locations, such that “cheaper” locations require less salience or
reward to be preferred. Finally, an unbiased priority map representing exclusively potential
benefits might be biased by cost considerations in the sensorimotor transformation downstream.
Of course, these alternatives are not necessarily mutually exclusive and different costs might be
implemented in different ways and some costs might even act on multiple representations.

While there is already some basic understanding of how spatio-temporal parameters of
eye movements are influenced by considerations of costs, there is still a lot to learn about the way
in which different types of costs are represented. Future experiments that want to investigate costs
in eye movements could use a similar approach to that taken in studies into the benefits of eye
movements, or costs and benefits in perceptual decision-making. Future studies could look at
ways in which single costs might be isolated, or how two or more costs could be pitted against
each other to determine their relative weighting. In this review we have proposed a taxonomy of
the different costs involved in eye movements, and while this will of course grow and evolve with
new findings, we hope that by defining and clearly laying out the different costs, we can pave the
way for this future research. Costs should be given the attention they deserve in eye movement
research, as they are an important determinant of the utility of eye movements.
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