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Eye movements in natural tasks

M.F. Land, M. Hayhoe / Vision Research 41 (2001) 3559–35653560

might be essentially passive until summoned by the
motor system to provide it with some specific piece of
information, such as the location of a knife or the
depth of water in a kettle. Neither of these extremes fits
our observations. Our general conclusions are that the
eyes do provide information on an ‘as needed’ basis (as
Fig. 1 clearly shows), but that the relevant eye move-
ments usually precede the motor acts they mediate by a
fraction of a second. They are thus in the vanguard of
each action plan, and are not simply responses to
circumstances.

We shall consider three kinds of question. First, we
review what the two studies have to say about the way
the eyes are involved in the control of each action. To
what extent is the way that the eye movement system
directs gaze an integral part of the motor programme of
the action? Second: can one classify the types of func-
tion that are performed by vision at different stages of

an action? Third: what information does the eye move-
ment system itself need, in order to put the eyes in a
position to supply the information that the motor
system needs?

2. The involvement of eye movements in an action
sequence

There are (at least) two levels of organization to be
considered in these kinds of tasks. There are the indi-
vidual actions themselves (pick up knife, put a teabag
in the pot etc.), and there is the sequence of actions —
the ‘script’ of the task as a whole. Here we are con-
cerned mainly with the roles of vision in individual
actions, although the transition from one action to
another, which is under the control of the script, is also
of interest. Schwartz, Reed, Montgomery, Palmer and
Mayer (1991) and Schwartz, Montgomery, Fitzpatrick-
DeSalme, Ochipa, Coslett and Mayer (1995) have de-
veloped a useful system for categorizing the individual
actions. These basic object-action conjunctions they call
‘A1s’, defined as ‘simple actions that transform the
state or place of an entity through manual manipula-
tion’. Larger units of action incorporating a number of
A1s Schwartz describes as A2s (e.g. fill the kettle) but
these refer to sub-goals of the whole task rather than
the actions themselves.

In the study of tea-making (Land et al., 1999) we
found that the A1 description fitted the pattern of eye
movements associated with the actions very well. We
have called the combination of A1 actions and the eye
movements that go with them ‘object related actions’
(ORAs). For our purposes an ORA comprises all the
acts performed on a particular object without interrup-
tion (e.g. the sequence: pick up mug, move it to new
location, set the mug down, would constitute one
ORA). Thus in Fig. 1a the ORA sequence would be
‘inspect and pick up kettle’, ‘remove kettle lid’, ‘turn on
taps’, and ‘put kettle in water stream’. An ORA usually
began with a ‘defining moment’, when gaze moved
from the last object to be manipulated to the next in the
sequence (Figs. 1 and 2). In both the tea-making and
sandwich-making studies the eyes typically fixated each
object before any sign of manipulative activity oc-
curred. In the tea-making task the average lead time
was 0.56 s, but for the sandwich-making it was much
shorter, 0.09 s. In both studies the standard deviations
were large (averages 1.1 s for tea-making, 0.4 s for
sandwich-making) meaning that there were a consider-
able number of instances which went against the rule,
with manipulative action initiated before the first eye-
movement. At the end of each action there was a
similar lead time, with the eyes moving on to the next
object in the script on average 0.61 s before the previ-
ous action was completed (in the tea-making task).

Fig. 1. The first series of fixations in the tea-making and sandwich-
making tasks. In both the sequence is semi-diagrammatic because of
the movements involved, but the targets of all detected saccades
(!1°) are shown. (a) Tea-making: 11 fixations are made on the
kettle, which is then picked up as the sink is viewed briefly. The lid is
removed from the kettle in transit (4 fixations). The taps are fixated
and the hand goes to the R tap. Vision then shifts to the water
stream. There is one task-irrelevant fixation, on the sink-tidy (right).
The sequence lasts about 10 s, and the field depicted is about 100°
wide. (b) Sandwich-making. This begins with the movement of a slice
of bread from the bag to the plate. The peanut butter jar is then
fixated, lifted and moved to the front as its lid is removed. The knife
is fixated and picked up, then used to scoop out the peanut butter.
This is spread on the bread, the jar is revisited for more butter, and
this too is spread. There is one possible task-irrelevant fixation, on
the bottle (left). The field of view depicted is about 40° wide.

Land & Hayhoe, Vis.Rs., 2001



Eye movements in natural tasks

focus of experimental understanding from where in a
scene the eyes fixate in an image, to why the eyes choose a
location in a scene, and when they choose it.

Eye tracking in natural behavior
The importance of task
Although Yarbus’ study revealed the importance of the
instructions in determining where subjects look, the
particular fixations did not reveal much more than that.
This problem continues to be particularly acute in
situations where subjects passively view pictures where
the experimenter often has little control of, and no access
to, what the observer is doing, although some regularities
in fixation patterns can be explained by image properties
such as contrast or chromatic salience [24–26]. By
contrast, recent experiments where the task structure is
evident have been much more easily interpreted, because
the task provides an external referent for the internal
computations [2,27,28]. One criticism of the stress on task
context is that such effects can be covert, but there are
typically many ways in which an experiment can be
structured tomake attentional shifts overt (e.g. see [29,30]).
The most novel finding of task-oriented studies is that
the eyes are positioned at a point that is not the most
visually salient, but is the best for the spatio-temporal
demands of the job that needs to be done. This line of
investigation has been used in extended visuo-motor tasks
such as driving, walking, sports, and making tea or sand-
wiches [8–10,12,31–33]. The central result of all these
investigation is that fixations are tightly linked in time
to the evolution of the task. Very few irrelevant areas are
fixated. Figure 1 shows the clustering of fixations on
task-specific regions when a subject makes a sandwich.
Figure 2 shows the tight linkage, in time, of the fixations
to the actions. Ballard et al. [28] called this a ‘just-in-time’
strategy, where observers acquire the specific information
they need just at the point it is required in the task.

Specialized computations during fixations
Not only is the sequence of fixations tightly linked to the
task, but in addition, fixations appear to have the purpose
of obtaining quite specific information. For example,
cricket players fixate the bounce point of the ball just
ahead of its impact, as the location and time of the bounce
provide batsmen with the information they need to
estimate the desired contact point with the bat [33].
Box 2 provides further evidence that highly task-specific
information is extracted in different fixations. These task-
specific computations have been referred to as ‘visual
routines’ [36–38]. This specificity is indicated not only by
the ongoing actions and the point in the task, but also by
the durations of the fixations, which vary over a wide
range [11,12]. It appears that a large component of this
variation depends on the particular information required
for that point in the task, fixation being terminated when
the particular information is acquired [4,14,39]. This
underscores the overriding control of visual operations
by the internal agenda rather than the properties of the
stimulus, and the range of different kinds of visual
information that can be extracted from the same visual
stimulus.

Learning where to look
Implicit in much of the research on natural tasks is
the finding that eye movement patterns must be learned
[9,13,41]. For example, in tea making and sandwich
making (Figure 1), observers must have learnt what
objects in the scene are relevant, because almost no
fixations fall on irrelevant objects. In driving, Shinoda
et al. [42] showed that approximately 45% of fixations fell

Figure 1. Fixations made by an observer while making a peanut butter and jelly
sandwich. Images were taken from a camera mounted on the head, and a
composite image mosaic was formed by integrating over different head positions
using a method described in Rothkopf and Pelz [34]. (The reconstructed panorama
shows artifacts due to the incomplete imaging model that does not take the
translational motion of the subject into account.) Fixations are shown as yellow
circles, with diameter proportional to fixation duration. Red lines indicate the
saccades. Note that almost all fixations fall on task-relevant objects.
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Figure 2. Link between fixation and the hand. Fixation locations and hand path are
shown for a task inwhich a subject picks up andmoves a bar (blue) past an obstacle,
and then contacts a switch. The solid line indicates the fixations, and the dashed
line shows the fingertip position. The subject holds the bar by the right end and
must maneuver the tip past the triangular shaped obstacle. Numbers on the
fingertip path indicate fingertip position during the fixation with the corresponding
number. Fixations are made at critical points such as the point of contact for the
fingers, then the end of the bar after pickup, followed by fixation near the tip of the
obstacle while the bar is moved around it, and then near the switch once the bar has
cleared the obstacle. Adapted from Johansson et al. [35].
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The world as external memory

Here blocks may transiently 
disappear in one condition Ballard et al., J. Cog. Neurosci., 1995

Karn & Hayhoe, Visual Cognition, 2000



The world as external memory

A reviewer of the project

Triesch et al. J. Vis. 2003

close to intersections. As a consequence of this, subjects
were more likely to notice ‘Stop’ signs located at inter-
sections as opposed to signs in the middle of a block,
suggesting in turn that subjects have learnt that traffic
signs are more likely around intersections. At a more
detailed level, subjects must learn the optimal location for
the information they need. For example, when pouring
tea, fixation is located at the tip of the teapot spout [10].
Presumably, flow from the spout is best controlled by
fixating this location. Another important way in which eye
movements reveal the influence of learning is that they
are often pro-active; that is, saccades are often made to a
location in a scene in advance of an expected event. For
example, in Land and MacLeod’s investigation of cricket,
batsmen anticipated the bounce point of the ball, andmore
skilled batsmen arrived at the bounce point about 100 ms
earlier than less skilled players [33]. These saccades were
always preceded by a fixation on the ball as it left the
bowler’s hand, showing that batsmen use current sensory
data in combination with learnt models of the ball’s motion
to predict the location of the bounce. Thus, eye movement
patterns appear to be shaped by learnt internal models of
the dynamic properties of the world.

Context-dependent neural activity: evidence for visual
routines
The eye tracking studies show that the locus and sequence
of gaze positions, and the associated visual computations,
or visual routines, are orchestrated by the ongoing
cognitive goals. The new challenge is to understand how
this can be achieved by the neural machinery. There are

twoways inwhich recent neurophysiological evidence helps
us understand the cognitive control of eye movements. The
first is the growing evidence that the neurons themselves
behave inataskspecificmanner, even inearly cortical visual
areas such as V1 (presumably as a consequence of feedback
from higher cortical areas). For example, Gilbert and
colleagues have shown that the perceptual judgment
required of the animal determines the way in which
stimulus context modulates the classical receptive field of
V1 neurons [43]. Another compelling experiment that
reveals this task-dependent processing in primary visual
cortex is that by the Roelfsema group, who showed that
monkeys solve a visual line tracing task by activating
specific cells in striate cortex [38]. These experiments
demonstrate that even primary visual cortex can be
dynamically reconfigured to selectively extract the specific
information required for the momentary task, in a way
suggestedby thepsychophysical data.Higher cortical areas,
suchasdorso-lateral prefrontal cortex,where cells appear to
code the conjunction of specific visual qualities with the
learned motor response, also respond in a task specific
manner, shapedby experience[44,45]. Thus, thedemandsof
the task seem to be an intrinsic component of the brain’s
representational structure of visual information.

Eye movements are driven by prospects of reward
The second development in neurophysiology that helps us
understand the cognitive control of eye movements is
that of showing the influence of reward on eyemovements.
We know the brain must learn without an explicit pro-
grammer, but how is this done? Much research supports a

Box 2. What do we see when we look?

Whereas a given cognitive event might reliably lead to a particular
fixation, the fixation itself does not uniquely specify the cognitive
event. Fixation patterns in natural tasks suggests that very specific
visual computations are performed at the fixation point as needed for
task performance [8,11,12]. An experiment by Triesch et al. [40]
supports this supposition. Subjects sorted virtual bricks of two
different heights onto two ‘conveyor belts’ (horizontal strips on the
right hand side of the workspace; see Figure I) according to different
rules that vary the points at which the brick height is relevant in the
task. In one condition, subjects picked up the bricks in front-to-back
order and placed them on a belt. In a second condition, subjects picked
up the tall bricks first and put them on a belt, and then, picked up the
small bricks and put them on the same belt. In a third condition, the tall
bricks were put on the front belt, and the short bricks on the back belt.

In the first case, size is irrelevant. In the second, size is relevant for
pickup only. In the third, it is relevant for both pickup and placement.
On some trials, the brick changed size while it was being moved to the
belt. Subjects rarely noticed the change when size was irrelevant,
suggesting they did not visually represent the brick size in these trials.
Interestingly, when size was relevant only for pickup, subjects were
less likely to notice changes than when it was relevant for placement
as well, suggesting they did not retain a representation of size in
working memory when it was no longer needed. On some trials,
subjects tracked the brick while they moved it across the workspace,
so that they were fixating the brick at the point when it changed, but
were still unaware of the change. This suggests that subjects may not
represent particular stimulus features such as size when they are
performing other computations such as guiding the arm.

(a) (b) (c)

Figure I.Moving bricks task. View of the virtual workspace as a subject (a) picks up, (b) carries, and (c) places a brick on a conveyer belt. The red dots show the fingers, and
the white crosses the subject’s fixation point. Adapted from [40].
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Eye-hand coordination

focus of experimental understanding from where in a
scene the eyes fixate in an image, to why the eyes choose a
location in a scene, and when they choose it.

Eye tracking in natural behavior
The importance of task
Although Yarbus’ study revealed the importance of the
instructions in determining where subjects look, the
particular fixations did not reveal much more than that.
This problem continues to be particularly acute in
situations where subjects passively view pictures where
the experimenter often has little control of, and no access
to, what the observer is doing, although some regularities
in fixation patterns can be explained by image properties
such as contrast or chromatic salience [24–26]. By
contrast, recent experiments where the task structure is
evident have been much more easily interpreted, because
the task provides an external referent for the internal
computations [2,27,28]. One criticism of the stress on task
context is that such effects can be covert, but there are
typically many ways in which an experiment can be
structured tomake attentional shifts overt (e.g. see [29,30]).
The most novel finding of task-oriented studies is that
the eyes are positioned at a point that is not the most
visually salient, but is the best for the spatio-temporal
demands of the job that needs to be done. This line of
investigation has been used in extended visuo-motor tasks
such as driving, walking, sports, and making tea or sand-
wiches [8–10,12,31–33]. The central result of all these
investigation is that fixations are tightly linked in time
to the evolution of the task. Very few irrelevant areas are
fixated. Figure 1 shows the clustering of fixations on
task-specific regions when a subject makes a sandwich.
Figure 2 shows the tight linkage, in time, of the fixations
to the actions. Ballard et al. [28] called this a ‘just-in-time’
strategy, where observers acquire the specific information
they need just at the point it is required in the task.

Specialized computations during fixations
Not only is the sequence of fixations tightly linked to the
task, but in addition, fixations appear to have the purpose
of obtaining quite specific information. For example,
cricket players fixate the bounce point of the ball just
ahead of its impact, as the location and time of the bounce
provide batsmen with the information they need to
estimate the desired contact point with the bat [33].
Box 2 provides further evidence that highly task-specific
information is extracted in different fixations. These task-
specific computations have been referred to as ‘visual
routines’ [36–38]. This specificity is indicated not only by
the ongoing actions and the point in the task, but also by
the durations of the fixations, which vary over a wide
range [11,12]. It appears that a large component of this
variation depends on the particular information required
for that point in the task, fixation being terminated when
the particular information is acquired [4,14,39]. This
underscores the overriding control of visual operations
by the internal agenda rather than the properties of the
stimulus, and the range of different kinds of visual
information that can be extracted from the same visual
stimulus.

Learning where to look
Implicit in much of the research on natural tasks is
the finding that eye movement patterns must be learned
[9,13,41]. For example, in tea making and sandwich
making (Figure 1), observers must have learnt what
objects in the scene are relevant, because almost no
fixations fall on irrelevant objects. In driving, Shinoda
et al. [42] showed that approximately 45% of fixations fell

Figure 1. Fixations made by an observer while making a peanut butter and jelly
sandwich. Images were taken from a camera mounted on the head, and a
composite image mosaic was formed by integrating over different head positions
using a method described in Rothkopf and Pelz [34]. (The reconstructed panorama
shows artifacts due to the incomplete imaging model that does not take the
translational motion of the subject into account.) Fixations are shown as yellow
circles, with diameter proportional to fixation duration. Red lines indicate the
saccades. Note that almost all fixations fall on task-relevant objects.
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Figure 2. Link between fixation and the hand. Fixation locations and hand path are
shown for a task inwhich a subject picks up andmoves a bar (blue) past an obstacle,
and then contacts a switch. The solid line indicates the fixations, and the dashed
line shows the fingertip position. The subject holds the bar by the right end and
must maneuver the tip past the triangular shaped obstacle. Numbers on the
fingertip path indicate fingertip position during the fixation with the corresponding
number. Fixations are made at critical points such as the point of contact for the
fingers, then the end of the bar after pickup, followed by fixation near the tip of the
obstacle while the bar is moved around it, and then near the switch once the bar has
cleared the obstacle. Adapted from Johansson et al. [35].
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Attention cuing by gaze

516

FIG. 1. Reproduction of the digitized face stimuli used as central cues. Panel (a) depicts a spatially
congruent trial, where the face gazes towards the side where the target letter (a T in the illustrated exam-
ple) subsequently appears. Panel (b) depicts a spatially incongruent trial, where the face gazes away
from the subsequent target letter. Note that the two possible face cues were identical in every respect ex-
cept for the mirror reflection of the eyes. See text for details of the sequence of events on each trial.

a.

b.
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FIG. 1. Reproduction of the digitized face stimuli used as central cues. Panel (a) depicts a spatially
congruent trial, where the face gazes towards the side where the target letter (a T in the illustrated exam-
ple) subsequently appears. Panel (b) depicts a spatially incongruent trial, where the face gazes away
from the subsequent target letter. Note that the two possible face cues were identical in every respect ex-
cept for the mirror reflection of the eyes. See text for details of the sequence of events on each trial.

a.

b.

task, and provided no information about where the target letter was likely to
appear. Participants were reminded that the direction of gaze conveyed no
relevant information at the start of every single block (and should in any case
have been able to extract this lack of contingency for themselves, since people
are extraordinarily sensitive to probabilities in spatial cueing studies; see
Spence & Driver, 1996). Despite the irrelevance of the face’s gaze, letter dis-
criminations were still significantly faster on the side that it gazed towards.
Note that since a choice discrimination task rather than a simple detection task
was used, criterion shifts are unlikely to explain the present cueing effects. Our
results suggest that gaze perception triggered a shift of spatial attention (i.e.
covert and/or overt orienting) in the corresponding direction, even though
there was no strategic motivation for this to happen. In this specific sense, then,
orienting in response to the direction of seen gaze can apparently arise
“automatically”.

The congruence effect on RTs did not interact significantly with SOA in the
overall analysis of variance. However, the planned comparisons at individual
SOAs showed that the advantage when the central face gazed towards the sub-
sequent target side was most reliable at the 700-msec SOA. This time-course

520 DRIVER ET AL.

FIG. 2. Inter-participant means of median reaction time in Experiment 1 plotted against cue–target
SOA, separately for targets appearing on the congruent versus incongruent side. The numbers in paren-
theses give error rates for the condition corresponding to the closest RT data point.

Driver et al., Visual Cognition, 1999
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Stability of space

A. Use eye position or efference copy to 
compensate

B. Use the image, the world is stable

C. Forget about the problem: do everything 
fresh after each saccade



Saccadic mislocalization

• Shift

• Compression

• Adaptation-induced shift

Way to study motor descriptors for spatial location



Saccade adaptation
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position of the bar without making any saccade at all (to see if the
perceptual effects of saccadic adaptation were a general result of the
adaptive process or required an actual saccade). Here the fixation spot
remained on and the targets did not appear. The trial was only
accepted if the subject continued fixation throughout the trial.

In another control, we interposed 15% catch trials in the adapted
state experiments, in which the target never stepped on the saccade
trigger but just disappeared. In these trials, the subjects were still
asked to report the position of the bar (to see if the intrasaccadic target
step caused any perceptual effect or if the subjects used the final target
position as an aid to localize the flash.).

Subjects

Full data in the major conditions were collected from four subjects:
two authors and two naı̈ve to the goals of the experiment. However,
all authors served as preliminary subjects for all conditions, and their
results agreed with those of the more thoroughly studied subjects. We
took particular care to randomize both the position of the bars and the
time of their presentation within a given experimental condition, so
subjects (both authors and naı̈ve) were completely unaware of the
conditions of a particular trial, given that people are very poor in
localizing the time of presentation of a brief stimulus around the time
of the saccade (Ross et al. 1997; Schlag and Schlag-Rey 2002). This
minimizes the possibility of response stereotyping or other forms of
bias in the data. The use of two naı̈ve subjects for most major
conditions further excludes this possibility.

Before collecting data on the adaptation conditions, we trained
subjects for 1 or 2 days on the various adaptation regimens, until
adaptation occurred within the first 20–40 trials. For each adaptation
condition, 1000 trials were typically collected. Considering all the
trials performed, including training trials, a small number of trials did
not meet our stringent criteria of adaptation and were therefore
eliminated. In many of the discarded trials, the subjects made com-
pensatory second saccades. However, most of these errors occurred

early in the adaptation process. Restricting the analysis to the session
after training to achieve good adaptation, on average, 83% of all trials
could be used for off-line analysis. Adding the remaining saccades did
not change the overall pattern of results.

The experimental protocol was approved by the Consiglio Nazio-
nale di Ricerca as being within its regulations for human experimen-
tation under the Helsinki protocol.

R E S U L T S

Adaptation of saccadic gain

Before measuring visual mislocalizations around the time of
saccades, we trained subjects in the saccadic adaptation para-
digm of McLaughlin (1967). Subjects viewed a dark fixation
spot 14° to the left of the center of the screen (see Fig. 1C).
After a warning, a target appeared 14° right of center, to which
subjects immediately saccaded. As soon as the saccade began,
the target shifted to the new position (Fig. 1A). Initially,
subjects made two separate saccades, first to the initial saccadic
target followed by a corrective saccade to the new position
(dark trace of Fig. 1A). Over the course of about 20 trials, the
amplitude of the first saccade changed so that the endpoint of
the saccade approximated the new position of the target, with
the second saccade become smaller and of decreased latency
(Fig. 1A). During this time, subjects ceased to perceive the
intrasaccadic target shifts and usually perceived the target to be
at the postsaccadic center of gaze.

Effect of saccadic adaptation on peri-saccadic
spatial perception

This experiment was basically like that of Ross et al. (1997),
except we also measured localization under conditions of gain

FIG. 1. A: time course of the various events
that occurred on each trial in a particular ad-
aptation condition (gain decreasing). Trial
starts with the observer looking at the fixation
point at left (position !14°). At an unpredict-
able moment, the fixation point disappeared
and the target (T1: position "14° in this ex-
ample) appeared at a particular position to the
right, to which the observer made a saccade as
rapidly as possible. During adaptation trials,
the target was moved to T2 as soon as the
computer had detected the onset of a saccade.
Black trace shows a saccade early in the adap-
tation sequence, where the observer made 2
distinct saccades. Gray trace shows a later,
perfectly adapted, saccade that went straight to
the final destination. B: gain of the saccades
(ratio of actual movement to distance to 1st
target) in 1 experimental session, after training
sessions. After a few trials, the saccade went
straight to the final goal, one-half the initial
distance (gain # 0.5). Curve passing through
the data is an exponentially decaying fit with a
constant of 19 trials. Even after adaptation, not
all the trails met the strict criterion of being
within 5% of the amplitude to T2. C: stimulus
conditions for the experiments. Note that the
fixation (!14°), saccadic targets (0 and 14°),
and bar were never seen simultaneously, but
followed the time course reported in A.

3607SACCADIC ADAPTATION AND VISUAL PERCEPTION
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Mislocalization for normal and adapted saccades



Time course
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Mislocalization for adapted saccades

• Perisaccadic compression obtained with normal saccades 
also occurs with adapted saccades.

• In the adapted state, mislocalizations of flashed objects occur 
not only perisaccadically but also long before the saccade.

• These mislocalisations are position dependent: they occur 
mainly near the adapted space.

• The center of compression is influenced by the adaptation: 
absolute perceived positions fall near the landing point of the 
eye.  When the baseline shift induced by the adaptation is 
subtracted, the compression is similar to the normal state.



Adaptation-induced shift
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The adaptation-induced shift

• occurs long before the saccade

• ends at saccade end

• is independent of contrast



The adaptation-induced shift

• transfers to reaching

Bruno & Morrone, J.Vis. 2007



The saccade adaptation field
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Fig. 6A, B Results of fixed vector and amplitude tests. A The effect 
of initial eye position on the strength of adaptation. Mean AR 
values (with standard deviations) are shown for saccades made to 
a target with the same retinotopic coordinates as the adaptation 
target (T1 = (21, 0) deg), but from different initial fixation positions 
on the horizontal axis (0 deg vector shift corresponds to the cen- 
tral fixation position; the shift of initial eye position is leftwards). 
Data from three subjects. For easy comparison among subjects, 
AR values are normalised with respect to the maximum value for 
each subject. The data of J.O. and M.F. have been slightly shifted 
horizontally in order to avoid overlapping SD bars. In none of the 
cases was a significant effect of initial eye position obtained. B The 
effect of saccade amplitude on the strength of adaptation, shown 
for three subjects (same scMe as in A). The spatial position of the 
visual target was kept at T=(21, 0)deg. Saccade amplitude was 
manipulated by changing initial fixation relative to the target. 
Note a strong dependence of AR on amplitude. The peak value is 
always obtained for saccades towards the target at 21 deg retinal 
eccentricity. Both smaller and larger eccentricities lead to a highly 
significant and gradual decrease in the adaptation value 

Double step responses 

The double step test was designed to dissociate the ap- 

parent dependence of adaptat ion on either the visual 

coordinates of the target (configuration A) or the motor 

301 

coordinates of the saccadic responses (configuration B; 

see Materials and methods). Therefore, in configuration 

A, the second target of the double step was presented at 

the same retinal position, as the target in the adaptat ion 

phase. The subject, however, was instructed to make an 

initial saccade towards the first target, causing the eye 

movement towards the second target to have a different 

direction than during the adaptat ion phase. 

In configuration B, however, the reverse was true. 

Now, the retinal coordinates of the second target dif- 

fered substantially from the coordinates of the adapta- 

tion target. However, the required movement vector 

from the first to the second target in this condition was 

identical to the adaptat ion saccade coordinates. 

The results of these tests are shown in Fig. 7. Note 

that the effect of adaptat ion is much stronger for the 

second saccades in configuration B (~R = 0.66___ 0.12) 

than for those in configuration A (~URR-- 0.22 _____ 0.02). The 
other two subjects yielded qualitatively similar results 

(see legend). In other words, adaptat ion is preserved un- 

der the condition in which the required movement, 

rather than the retinal position of the target, equals the 

adaptat ion phase condition. 

Modality transfer of adaptat ion 

The possible dependence of adaptat ion transfer on sen- 

sory modali ty was investigated by comparing saccadic 

responses of similar metrics towards visual and auditory 

stimuli. Note, however, that adaptat ion was imposed by 

a visual stimulus only. As can be seen in Fig. 8A, B, the 

gain-shortening paradigm led to a decrease in both the 

amplitude of visually elicited saccades into to the adapt- 

ed region, and of primary saccades toward auditory 

targets. Though scatter is larger in the auditory evoked 

saccades, in both panels a significant shift of saccade 

endpoints can be observed (visual, i~R = 0.40 + 0.04; au- 
ditory, ~ = 0.56 ___ 0.13). 

Direction adaptat ion gave similar results: not only 

did the visually elicited saccades shift towards the final 

target direction, but also the auditory evoked saccades 

underwent a similar change (Fig. 8C, D: visual, 

= 0.66 _ 0.18; auditory, ~ = 0.40 + 0.3). 

As is indicated in Fig. 9, the strength of the induced 

amplitude adaptat ion was for all subjects of equal order 

for the visually and the auditory evoked saccades (open 

symbols, solid fit line). 

Shifting the initial fixation point to 14 deg upwards 

(see Materials and methods and Fig. 2E), changed the 

direction of the required goal-directed saccades, but left 

the spatial position of the targets unchanged. This con- 

dition led to a strong reduction of the adaptat ion effect 

for the visually evoked movements, and also for the au- 

ditory evoked saccades (see Fig. 9, cross symbols, 
dashed fit line). 

Frens & van Opstal, Exp. Brain Res. 1994

(Fig. 6, Table 1). The asymmetry was less marked in monkey
TO, which had an average gain transfer of 41% to saccades
made to 25° target steps and 25% to saccades to 5° steps. As
with gain reduction adaptation fields, the transfer to the hori-

zontal component of saccades with oblique vectors was more
symmetric than the transfer to horizontal saccades of different
sizes. The average gain transfer to the horizontal component of
saccades with a 10° upward component was 55% in monkey

TABLE 1. Percentage of gain decrease or increase and of gain transfer

Animal/Experiment

Percentage Gain Change

Horizontal Target Step Amplitude Vertical Component of Oblique Target Step

5° 10° 15° 20° 25° 5° Up 10° Up 5° Down 10° Down

Decrease

BW

10/28/97 (R) !6 !14 !22 !18 !19 !17 !12 !15 !12
10/29/97 (L) !7 !17 !22 !18 !15 !15 !11 !18 !10
Average percentage

gain change !6.5 !15.5 !22 !18 !17 !16 !11.5 !16.5 !11
Average percentage

transfer 30 70 100 82 77 73 52 75 50

TO

10/09/97 (L) !4 !7 !13 !16 !13 !8 !4 !10 !9
10/16/97 (L) !4 !15 !22 !19 !19 !14 !15 !16 !17
10/22/97 (L) !6 !12 !17 !16 !14 !12 !6 !15 !8
11/04/97 (L) !5 !13 !17 !15 !15 !11 !9 !13 !14
Average percentage

gain change !4.8 " 1.0 !11.8 " 3.4 !17.3 " 3.7 !16.5 " 1.7 !15.3 " 2.6 !11.3 " 2.5 !8.5 " 4.8 !13.5 " 2.6 !12 " 4.2

Average percentage

transfer 28 68 100 95 88 65 49 78 69

Increase

10/28/97 (L) 3 5 13 17 8 8 5 7 4

10/29/97 (R) 9 11 18 20 15 14 12 10 6

Average percentage

gain change 6 8 15.5 18.5 11.5 11 8.5 8.5 5

Average percentage

transfer 39 52 100 119 74 71 55 55 32

TO

10/09/97 (R) 5 11 16 10 5 8 10.0 13 7

10/16/97 (R) 3 5 9 7 0.0 5 3 7 10

10/22/97 (R) 0.0 8 7 6 2 6 5 4 2

11/04/97 (R) 3 5 12 9 11.0 11.0 2 8 2

Average percentage

gain change 2.8" 2.1 7.3 " 2.9 11 " 3.9 8 " 1.8 4.5 " 4.8 7.5 " 2.6 5 " 3.6 8 " 3.7 5.3 " 3.9

Average percentage

transfer 25 66 100 73 41 68 45 73 48

Percentage of gain decrease or increase and the percentage of gain transfer from an adapted saccade (15° horizontal) to horizontal saccades of four other sizes and to the horizontal

component of oblique saccades with vertical component amplitudes of 5 and 10° up and down. Adaptation was either to the left (L) or right (R). All entries are averages of data from

!15 saccades. Population averages represent means " SD here and in Table 2.

FIG. 3. Transfer of behavioral gain de-
creases of saccades made to 15° horizontal
target steps (taken as 100%) to horizontal
saccades of other sizes and the horizontal
component of oblique saccades with the
same horizontal component target step.
Hcomp and Vcomp refer to the horizontal and
vertical components of preadapted saccades
averaged for each different target step. Data
averaged from 2 experiments with monkey

BW and 4 with monkey TO.

2802 C. T. NOTO, S. WATANABE, AND A. F. FUCHS

Noto, Watanabe & Fuchs, J. Neurophysiol. 1999



Subjects (n=4) fixated a white cross on the left side of the screen and registered the position of the saccade target (ST), also a cross, presented simultaneously. The ST was chosen from the 

array of 39 tested positions in Fig. 1. When the fixation cross disappeared, subjects saccaded toward the ST. After the go-signal for the saccade but before onset, a probe (small white square) 

was flashed for 10 ms at one of the tested positions. 500 ms after the end of their saccade, a mouse pointer appeared on the screen and subjects had to click on the position they saw the 

probe.

Perceptual consequences of saccadic adaptation

European Conference on Visual Perception, St-Petersburg, Russia, August 21st – 25th, 2006

Methods

Eye position was measured with an Eye Link II (SensoMotoric Instruments) and sampled at 250Hz. Absolute resolution of the eye tracker was XXXXXX. 

Stimuli were displayed on XXXX screen with a refresh rate of 200 Hz.

Experimental  conditions:

• Saccade: The ST and probe could appear at any tested position.

• Localization: The ST was at 12° and the probe appeared randomly  at one of the tested positions. During adaptation trials, the ST stepped back by 4° during the saccade (25% target 

step).

• No step: Identical to the localization condition, except that the ST disappeared during the saccade.

• Fixation: The fixation cross was black, indicating that subjects had to stay fixated throughout the trial. The 12° ST was presented and a probe flashed at one of the tested positions.

Site of saccadic adaptation (saccade condition)

1. Paris Descartes University, CNRS, Cognition and Behavior Laboratory, Boulogne-Billancourt, France ; 2. Westälische Wilhelms University, Department of Psychology, Münster, Germany

The  human saccadic adaptation field and space perception
Thérèse Collins1, Karine  Doré-Mazars1 & Markus Lappe2

Fig 2. Reference saccade (12°, 0°) endpoints in Subject 1. 

Pre-adaptation phase: saccades directed toward the reference ST (12°, 0°) 

undershot the ST by approximately 10%.

Adaptation phase: endpoints shifted to the left (Fig. 2). Amount of adaptation 

was measured by the % gain decrease:

         Fig 4. Percent transfer of gain decrease for 

saccades with similar horizontal or vertical 

component as the reference saccade (12°, 0°).

B) In what coordinates is the saccade coded at the level of adaptation?

A) The human saccadic adaptation field

There was a spatial asymmetry along the horizontal axis: smaller 

saccades were less affected by adaptation than larger saccades. Along 

the vertical axis, the drop in transfer of gain decrease was symmetrical 

for saccades directed upward and downward (Fig. 4).

Hyp. 1: Radial coding. If adaptation affects the saccade vector at a level where it is coded in 

radial coordinates (amplitude A and direction !), and the pre-adapted and adapted saccades 

should be in the same direction (Fig. 5a).

Test of deviation (") from parallel

2. Component coding. If adaptation affects the vector at a level where the horizontal and 

vertical components are coded independently, then only the H-component should be affected, 

and the adaptation ‘tail’ should be parallel to the H axis (Fig. 5b).

Test of saccade direction change (!PRE– !ADA)

The deviation of the data from these hypotheses was tested using the mean squared error (MSE, Fig. 5). Because 

not all STs differentiate the two hypotheses, MSE was weighted as a function of the absolute direction (!p) of the 

saccade (from  -90° to 90°). Overall, parallel #MSE was 57°, whereas direction change #MSE was 4°.

Fig 5. Coding hypotheses. 

Pre-adaptation and adaptation 

endpoints as in Fig 3.

Localization judgments did not shift with adaptation (Fig. 11).

The perceptual effect of saccadic adaptation occurs only when a 

saccade is made.

Fig 3. Saccade endpoints in the saccade 

condition. Each white cross represents a ST. 

Pre-adaptation endpoints are represented by 

blue dots and adaptation endpoints by the black 

tail. The fixation point is at (0°,0°). The ST used 

for adaptation is shown by a red box.
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In the pre-adaptation phase, estimation of visual probe localization was biased toward the fovea in localization, no 

step and fixation conditions. This was expected in light of previous observations (e.g. Müsseler et al., 1999).

Fig 7. Localization judgements in the localization 

condition. Conventions as in Fig. 3.

Adaptation phase: localization judgments (LJs) shifted leftward. The amount 

of shift was estimated similarly to the amount of adaptation, except that LJs  

were used instead of saccade endpoints.

With visual references (localization condition)

Fig 8. Localization judgements in the no step 

condition. Conventions as in Fig. 3.

To eliminate this bias, visual references 

must not be available at the time of 

response.

$ No step condition: the ST 

disappeared during the saccade.

The reference LJ shift was 15%. The 

localization shifts were spatially 

asymmetrical (Fig. 8), with smaller shifts 

for near probes than for far probes 

along the horizontal axis, but no 

asymmetry along the vertical axis where 

the amount of shift was relatively stable 

and similar to the amount of reference 

adaptation (Fig. 9).

Fig 9. Percent transfer of localization 

judgment shift (relative to the shift for the 

probe at the reference position) for 

probes along the same horizontal or 

vertical meridian as the reference 

position.

Fig 10.  Correlation between saccade 

endpoint and localization estimation. 

C) Main sequence

Saccade dynamics (main sequence relationships: 

duration and peak velocity / amplitude) are stable and 

cannot be voluntarily controlled.

Fig. 5 shows the classic relationships between duration 

and amplitude (linear), and between peak velocity and 

amplitude (logarithmic). There is no modification with 

adaptation.
Fig 6. Individual main sequences: saccade duration (left) and peak 

velocity (right) as a function of amplitude.

The spatial structure of the localization shifts resembles that of 

the adaptation field.

Fig 11. Localization judgments in the fixation condition. 

Conventions as in Fig. 3.

The reference LJ shift (31%) was larger than for the saccades (compare also 

Figs 3 & 7).

Recall that in this condition, the ST was visible at the time of the LJ. It is 

probable that subjects used this information to estimate the position of the 

probe, which would be realigned post-saccadically with available visual 

references.

Saccadic adaptation influences perception as mislocalizations of visual probes 
during saccade preparation are structurally similar to the saccadic adaptation field.

Without post-saccadic visual references, the localization of a visual object is based 
on the metrics of the saccade that would be required to attain it.

Probes are localized in alignment with post-saccadic visual references when they are 
available (“landmark effect”, Deubel et al., 1998).

Overall, our data suggest that saccade metrics are taken into account for localizing 
at the level of the comparison of pre- and post-saccadic information for 
reconstructing the visual scene.

The human saccadic adaptation field is asymmetrical along the horizontal axis but 
symmetrical along the vertical axis. This replicates in humans what has been 
observed in monkeys (Noto et al., 1999). Because of the similarity with the 
movement fields of superior colliculus (SC) and frontal eye field (FEF) neurons, such 
an adaptation field could reflect the involvement of these brain areas.

At the time of saccadic adaptation, the saccade is coded in radial coordinates. Such 
coding is found in the SC and in the FEF (Sparks et al., 1976; Bruce et al., 1985). 
Saccadic adaptation could therefore act at the level of these structures, rather than 
at a level where the saccade is coded as separate horizontal and vertical 
components (e.g. brainstem saccade generator).

Finally, preserved main sequences argue that the adaptive process did not directly 
influence the brainstem saccade generator, but only its inputs.

Perceptual consequences of saccadic adaptation
Does saccadic adaptation affect the localization of objects in space? We investigated 
adaptation-induced mislocalization by asking subjects to localize a probe flashed 
100-200 ms before saccade onset. We examined whether the mislocalizations were 
structurally similar to the saccadic adaptation field in different conditions: with 
saccades with or without visual feedback, and without saccades.

The site of human saccadic adaptation
Saccadic adaptation is the progressive correction of artificial or pathologically-
induced systematic targeting errors. When a given saccade vector is adapted, 
vectors within a spatial window around the adapted vector, called the adaptation 
field, are also affected. We investigated the neural site of adaptation by examining 
the adaptation field, the coordinates of the saccade at the time of adaptation and 
saccade dynamics.

Goals of the study

Fig 1. Array of 39 tested positions. The fixation cross is at 

(0°,0°). Each point represents a possible ST or probe 

location. The adapted ST is represented in red (12°, 0°).

All conditions were tested in a pre-adaptation phase and an adaptation phase. During pre-adaptation and the final 100 trials of adaptation, there were twice as many localization 

trials as the three other trial types. The first 50 adaptation trials were localization trials to evoke adaptation. Each subject took 11-14 sessions.

Fig 1.  Array of tested positions. The 

fixation cross is at (0,0). Each point 

represents a possible ST or probe 

location. The adapted ST is 

represented in red (12°, 0°).
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This correlation was preserved in the adaptation condition.

Subjects estimated probes to appear at the location toward which they would 

have made a saccade in the saccade condition.

Without saccades (fixation condition)
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Conclusions

The amount of adaptation of 

the reference saccade was 

16%.

The amount of transfer of 

adaptation depended on the 

distance between the tested 

and the reference saccades 

(Fig. 3).
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Subject 3

To directly compare saccades and LJs, the correlation between the saccade 

endpoint and the LJ for a given tested position was calculated (Fig. 10). Each 

point represents the correlation between data points from Figs 3 & 8.

Pre-adaptation phase: strong positive correlation between the endpoint of a 

saccade directed toward a given ST and the estimation of the localization of a 

probe flashed at the same location.

Financial support from:

Four conditions:

1. Saccade

2. Step-back

3. No-step

4. Fixation

The saccade adaptation field

Collins, Dore-Mazars, & Lappe, Brain. Res. 2007



Four conditions:

1. Saccade

2. Step-back

3. No-step

4. Fixation

The saccade adaptation field

vector: smaller saccades are less affected than larger ones
(Noto et al., 1999). Because of the similarity with movement
fields of superior colliculus and frontal eye field neurons, this
was interpreted as pointing towards an implication of these
brain areas in the adaptive process. The human saccadic
adaptation field remains to be investigated and is a matter of
debate because of rate (Deubel et al., 1986) and specificity
(volitional versus reactive saccades; Deubel, 1995; Fuchs et al.,
1996; Collins and Doré-Mazars, 2006; Alahyane et al., 2007)
differences with monkeys.

Saccadic adaptation seems to affect the perceived localiza-
tion of visual objects (Bahcall and Kowler, 1999; Awater et al.,
2005). Previousstudies testedone to fourprobes in thevicinityof
the adapted saccade target and observed that localization
depended on the adapted state of the saccade. Interestingly,
theshift of localizationoccurred forprobespresentedmore than
100ms before the saccade, suggesting that the localization shift
was not the result of the compression of visual space towards
the saccade endpoint, which occurs at shorter delays before
saccade onset (Ross et al., 1997; Awater et al., 2005) but would
rather concern a higher level representation of the target. These
results pose the intriguing question that saccadic adaptation
might be accompanied by a distortion of perceived space. If this
were the case, the distortion might present the same asymme-
try as the adaptation field.

We investigated the influence of saccadic adaptation on the
localization of visual probes presented both within and outside
of the adaptation field of a 12° rightward horizontal saccade.We
measured the adaptation field by testing the transfer of the 12°
horizontal saccade adaptation to 38 saccades with different
amplitudes and directions. We then compared the adaptation
field to the localization of visual probes presented briefly before
the saccade. Subjects localized the probes after their saccade by

clicking on the position they thought the probe had appeared in
with a mouse pointer. Localization was tested in three condi-
tions. In one of these, the localization judgment wasmadewith
the saccade target present on the screen. Therefore, subjects
performed the localization judgment in the presence of a visual
reference. In the second condition, the saccade target was
extinguished during the saccade. Therefore, when the saccade
landed, no visual stimuli were present on the screen, and
subjects performed the subsequent localization judgment
without post-saccadic visual references. In the third condition,
subjects had to maintain fixation throughout the trial, and all
visual events occurred after delays comparable to the two other
localizationconditions (see Fig. 1aandExperimental procedure).
Our hypothesis was that if saccadic adaptation is accompanied
by a distortion of visual space, it should have the same spatial
boundaries as theadaptation field. Furthermore, thepresenceof
post-saccadic visual references should also contribute to
localization judgments.

2. Results

2.1. Saccade latency

All saccades were volitional in that they aimed for a
permanent stimulus. Indeed, the fixation cross and the
saccade target appeared simultaneously and overlapped for
600–800 ms. Subjects were to execute their saccade only when
the fixation cross disappeared. Average saccade latency was
208±29 ms. Pre-adaptation and adaptation did not differ from
each other (Fb1). Importantly, there was no difference
between the three conditions (Fb1) in which subjects made
saccades (saccades to the 12° target, saccades to the same

Fig. 1 – (a) Procedure. Subjects fixated on the fixation cross to the left. The go-signal for the saccade (disappearance of the
fixation cross) occurred 600–800 ms later. 40–80 ms after this go-signal, about 150 ms before saccade onset, the probe flashed
for 10ms. Subjects then executed their saccade. Depending on condition and phase, during the saccade the saccade target could
step back by 4° (shown here as a gray cross), disappear, or remain at the initial position. Example saccades are given for the
pre-adaptation (black arrow) and adaptation phases (gray arrows). (b) Time course of the 12° saccade adaptation in one subject
(S2) and one session. Each data point represents one saccade. The large symbols to the left and right of the individual data
with error bars represent the average and standard deviation over all subjects and sessions. Both trials in which the saccade
target remained on after the saccade (○) and those in which the saccade target was extinguished during the saccade (□) are
shown. Open symbols: pre-adaptation, trials 1–100. Filled symbols: adaptation, trials 101–250.
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Procedure: Adaptation:



Saccade endpoints after adaptation

target during which the target disappeared, saccades to any of
the other 38 targets).

2.2. Characteristics of saccadic adaptation

In the pre-adaptation condition, the average amplitude of the
saccade directed to the target located 12° to the right was 11.3±
0.7°. After 50 adaptation trials during which the target stepped
back by 4°, the amplitude was significantly reduced to 9.8±0.6°
(pb0.02). Fig. 1b presents an individual time course of adapta-
tion. The average amount of adaptation of the 12° saccade was
13±0.5% (%gain change: [(AmplitudePRE−AmplitudeADA) /
AmplitudePRE]×100). The amount of adaptation did not depend
on whether the target remained on or was extinguished during
the saccade (Fb1).

2.3. Saccadic adaptation field

Subjects made saccades towards 39 different targets with
different horizontal or vertical components, amplitudes and

directions than the adapted 12° horizontal saccade. In the pre-
adaptation phase, saccades slightly undershot the targets.
After 50 adaptation trials, endpoints shifted leftward. The
extent of the adaptive shift is measured by the distance
between the pre-adapted and adapted saccade endpoints (i.e.,
the length of the adaptation ‘tail’ in Fig. 2a).

We assessed the effect of the 12° horizontal saccade ad-
aptation on neighboring saccades of different amplitudes and
directions by calculating the % adaptation transfer from the
adapted 12° saccade to each of the other 38 saccades. First, the
gain change for each saccade was calculated as for the
adapted 12° saccade. Then, this gain change was compared
to the gain change of the 12° adapted saccade: ((%gain
changeSACCi /13%)×100). Transfer of adaptation depended on
the distance separating the tested saccade from the 12°
adapted saccade. Globally, transfer decreased with increasing
distance to the 12° adapted saccade. However, this decrease in
transfer was asymmetric: the decrease in transfer to saccades
larger than 12° was less pronounced than to saccades smaller
than 12°. To quantify these observations in a manner
comparable to previous reports on monkey adaptation fields
(Noto et al., 1999), the amount of transfer was plotted for
saccades sharing the same horizontal or vertical component
as the 12° adapted saccade (Fig. 2b). A steeper drop in transfer
for saccades smaller than 12° than for saccades larger than 12°
can be seen, but no such asymmetry was observed along the
vertical axis.

2.4. Probe localization

When visual references were available after the saccade, we
hypothesized that subjects would use them to estimate the
localization of objects presented before the saccade. The
preponderant role of post-saccadic visual references in locali-
zationhasbeensuggestedby the landmark effect (Deubel, 2004).
When a visual object changes position during the saccade,
subjects do not notice because of saccadic suppression of
displacement (Bridgeman et al., 1975), but when the object is
no longer visible when the eye lands, position changes are
detected (Deubel et al., 1996). If a continuously visible object
changes position during the saccade and another does not
change positions but is blanked, the permanent object will be
seen as stationary and the blanked object as moving (Deubel
et al., 1998). Thus, objects present after the saccadewould serve
as landmarks and other objects would be realigned accordingly.
In the present experiment, the saccade target at (12°, 0°) could
act as a landmark. In the adaptation phase, other visual objects
not present after the saccade (i.e., the probe) could be realigned
according to the new target position, 4° to the left of the pre-
saccadic position. As seen in Fig. 3a, during the adaptation
phase, over the 39 probe positions, judgments were on average
shifted leftwards by 2.2° relative to the pre-adaptation phase
(significantly different from 0, Student's t-test, pb0.01).1

1 We did not expect the judgment shift to be as large as the
back-step of the saccade target (4°). Indeed, previous reports
about the landmark effect (Deubel, 2004) have shown that the
apparent displacement of a probe is smaller than that of the post-
saccadic object whose displacement drives the illusion.

Fig. 2 – (a) Saccade endpoints in pre-adaptation (•) and
adaptation (tip of the black tail) phases. Each data point
corresponds to the average across the 4 subjects. (+) Saccade
targets; (+) fixation point. Inset: individual data (Subject 1) for
three example saccade targets (open symbols: adaptation).
(b) Adaptation transfer from the 12° horizontal saccade to
saccades sharing the same horizontal (gray) or vertical
(white) component. Each data point corresponds to the
average across the 4 subjects.
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target during which the target disappeared, saccades to any of
the other 38 targets).

2.2. Characteristics of saccadic adaptation

In the pre-adaptation condition, the average amplitude of the
saccade directed to the target located 12° to the right was 11.3±
0.7°. After 50 adaptation trials during which the target stepped
back by 4°, the amplitude was significantly reduced to 9.8±0.6°
(pb0.02). Fig. 1b presents an individual time course of adapta-
tion. The average amount of adaptation of the 12° saccade was
13±0.5% (%gain change: [(AmplitudePRE−AmplitudeADA) /
AmplitudePRE]×100). The amount of adaptation did not depend
on whether the target remained on or was extinguished during
the saccade (Fb1).

2.3. Saccadic adaptation field

Subjects made saccades towards 39 different targets with
different horizontal or vertical components, amplitudes and

directions than the adapted 12° horizontal saccade. In the pre-
adaptation phase, saccades slightly undershot the targets.
After 50 adaptation trials, endpoints shifted leftward. The
extent of the adaptive shift is measured by the distance
between the pre-adapted and adapted saccade endpoints (i.e.,
the length of the adaptation ‘tail’ in Fig. 2a).

We assessed the effect of the 12° horizontal saccade ad-
aptation on neighboring saccades of different amplitudes and
directions by calculating the % adaptation transfer from the
adapted 12° saccade to each of the other 38 saccades. First, the
gain change for each saccade was calculated as for the
adapted 12° saccade. Then, this gain change was compared
to the gain change of the 12° adapted saccade: ((%gain
changeSACCi /13%)×100). Transfer of adaptation depended on
the distance separating the tested saccade from the 12°
adapted saccade. Globally, transfer decreased with increasing
distance to the 12° adapted saccade. However, this decrease in
transfer was asymmetric: the decrease in transfer to saccades
larger than 12° was less pronounced than to saccades smaller
than 12°. To quantify these observations in a manner
comparable to previous reports on monkey adaptation fields
(Noto et al., 1999), the amount of transfer was plotted for
saccades sharing the same horizontal or vertical component
as the 12° adapted saccade (Fig. 2b). A steeper drop in transfer
for saccades smaller than 12° than for saccades larger than 12°
can be seen, but no such asymmetry was observed along the
vertical axis.

2.4. Probe localization

When visual references were available after the saccade, we
hypothesized that subjects would use them to estimate the
localization of objects presented before the saccade. The
preponderant role of post-saccadic visual references in locali-
zationhasbeensuggestedby the landmark effect (Deubel, 2004).
When a visual object changes position during the saccade,
subjects do not notice because of saccadic suppression of
displacement (Bridgeman et al., 1975), but when the object is
no longer visible when the eye lands, position changes are
detected (Deubel et al., 1996). If a continuously visible object
changes position during the saccade and another does not
change positions but is blanked, the permanent object will be
seen as stationary and the blanked object as moving (Deubel
et al., 1998). Thus, objects present after the saccadewould serve
as landmarks and other objects would be realigned accordingly.
In the present experiment, the saccade target at (12°, 0°) could
act as a landmark. In the adaptation phase, other visual objects
not present after the saccade (i.e., the probe) could be realigned
according to the new target position, 4° to the left of the pre-
saccadic position. As seen in Fig. 3a, during the adaptation
phase, over the 39 probe positions, judgments were on average
shifted leftwards by 2.2° relative to the pre-adaptation phase
(significantly different from 0, Student's t-test, pb0.01).1

1 We did not expect the judgment shift to be as large as the
back-step of the saccade target (4°). Indeed, previous reports
about the landmark effect (Deubel, 2004) have shown that the
apparent displacement of a probe is smaller than that of the post-
saccadic object whose displacement drives the illusion.

Fig. 2 – (a) Saccade endpoints in pre-adaptation (•) and
adaptation (tip of the black tail) phases. Each data point
corresponds to the average across the 4 subjects. (+) Saccade
targets; (+) fixation point. Inset: individual data (Subject 1) for
three example saccade targets (open symbols: adaptation).
(b) Adaptation transfer from the 12° horizontal saccade to
saccades sharing the same horizontal (gray) or vertical
(white) component. Each data point corresponds to the
average across the 4 subjects.
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Localization results

When visual references were not available after the
saccade, during the adaptation phase localization judgments
shifted leftwards on average 1.5° relative to pre-adaptation
(significantly different from 0, Student's t-test, pb0.05), not as
much as in the previous condition although the difference just
failed to reach significance (pN0.06). The shift of localization
judgments appears to be spatially non-uniform (Fig. 3b), with a
larger localization shift for probes to the right of the 12°
saccade target than for those to the left. This spatial
heterogeneity of localization shift size appears similar to the
spatial heterogeneity of adaptation transfer (Fig. 2a). For
example, the leftward shift of localization judgments for the
probe at the same position as the saccade target was 1.8±0.5°.
The probe 2° to the rightwas shifted leftward by 2.0±0.2° while
the probe 2° to the left by only 1.2±0.5°. The probe 2° above the

saccade target position was shifted by 1.5±0.3°, and the probe
2° below 1.4±0.5°.

To quantitatively compare the amount of localization shift
to the amount of saccadic adaptation, Fig. 4 plots the
correlation between the two effects (i.e., between the ampli-
tude of the “adaptation tails” in Figs. 2a and 3b). There was a
positive correlation between the size of the amplitude
reduction of a saccade to a given position and the size of the
shift in localization judgment for a probe at the same position.
This suggests that the estimated probe location depended in
part on themetrics of the saccade that wouldmove the eyes to
that probe (as measured in the saccade condition), even when
that saccade was not the one actually made at the time of
localization. Such motor targeting information might also be
used in the condition where subjects localized with post-

Fig. 3 – Localization judgments (a) with and (b) without the post-saccadic visual reference provided by the saccade target, and
(c) in the fixation condition. Each data point corresponds to the average across the 4 subjects. (□) Probe positions. All other
conventions as in Fig. 2a.

Fig. 4 – Correlation between the size of the saccade change (SACC) and the size of the localization shift, in degrees of visual
angle, for trials in which subjects localized with (◊, dashed line) or without (♦, full line) visual references (VR). Each data
point corresponds to the average over the 4 subjects for one tested position. (a) Size of the change of saccades made to each
tested position in the saccade condition. (b) Size of the change of the saccades towards the 12° target executed during the
localization trials.
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with visual references without references no saccade

target during which the target disappeared, saccades to any of
the other 38 targets).

2.2. Characteristics of saccadic adaptation

In the pre-adaptation condition, the average amplitude of the
saccade directed to the target located 12° to the right was 11.3±
0.7°. After 50 adaptation trials during which the target stepped
back by 4°, the amplitude was significantly reduced to 9.8±0.6°
(pb0.02). Fig. 1b presents an individual time course of adapta-
tion. The average amount of adaptation of the 12° saccade was
13±0.5% (%gain change: [(AmplitudePRE−AmplitudeADA) /
AmplitudePRE]×100). The amount of adaptation did not depend
on whether the target remained on or was extinguished during
the saccade (Fb1).

2.3. Saccadic adaptation field

Subjects made saccades towards 39 different targets with
different horizontal or vertical components, amplitudes and

directions than the adapted 12° horizontal saccade. In the pre-
adaptation phase, saccades slightly undershot the targets.
After 50 adaptation trials, endpoints shifted leftward. The
extent of the adaptive shift is measured by the distance
between the pre-adapted and adapted saccade endpoints (i.e.,
the length of the adaptation ‘tail’ in Fig. 2a).

We assessed the effect of the 12° horizontal saccade ad-
aptation on neighboring saccades of different amplitudes and
directions by calculating the % adaptation transfer from the
adapted 12° saccade to each of the other 38 saccades. First, the
gain change for each saccade was calculated as for the
adapted 12° saccade. Then, this gain change was compared
to the gain change of the 12° adapted saccade: ((%gain
changeSACCi /13%)×100). Transfer of adaptation depended on
the distance separating the tested saccade from the 12°
adapted saccade. Globally, transfer decreased with increasing
distance to the 12° adapted saccade. However, this decrease in
transfer was asymmetric: the decrease in transfer to saccades
larger than 12° was less pronounced than to saccades smaller
than 12°. To quantify these observations in a manner
comparable to previous reports on monkey adaptation fields
(Noto et al., 1999), the amount of transfer was plotted for
saccades sharing the same horizontal or vertical component
as the 12° adapted saccade (Fig. 2b). A steeper drop in transfer
for saccades smaller than 12° than for saccades larger than 12°
can be seen, but no such asymmetry was observed along the
vertical axis.

2.4. Probe localization

When visual references were available after the saccade, we
hypothesized that subjects would use them to estimate the
localization of objects presented before the saccade. The
preponderant role of post-saccadic visual references in locali-
zationhasbeensuggestedby the landmark effect (Deubel, 2004).
When a visual object changes position during the saccade,
subjects do not notice because of saccadic suppression of
displacement (Bridgeman et al., 1975), but when the object is
no longer visible when the eye lands, position changes are
detected (Deubel et al., 1996). If a continuously visible object
changes position during the saccade and another does not
change positions but is blanked, the permanent object will be
seen as stationary and the blanked object as moving (Deubel
et al., 1998). Thus, objects present after the saccadewould serve
as landmarks and other objects would be realigned accordingly.
In the present experiment, the saccade target at (12°, 0°) could
act as a landmark. In the adaptation phase, other visual objects
not present after the saccade (i.e., the probe) could be realigned
according to the new target position, 4° to the left of the pre-
saccadic position. As seen in Fig. 3a, during the adaptation
phase, over the 39 probe positions, judgments were on average
shifted leftwards by 2.2° relative to the pre-adaptation phase
(significantly different from 0, Student's t-test, pb0.01).1

1 We did not expect the judgment shift to be as large as the
back-step of the saccade target (4°). Indeed, previous reports
about the landmark effect (Deubel, 2004) have shown that the
apparent displacement of a probe is smaller than that of the post-
saccadic object whose displacement drives the illusion.

Fig. 2 – (a) Saccade endpoints in pre-adaptation (•) and
adaptation (tip of the black tail) phases. Each data point
corresponds to the average across the 4 subjects. (+) Saccade
targets; (+) fixation point. Inset: individual data (Subject 1) for
three example saccade targets (open symbols: adaptation).
(b) Adaptation transfer from the 12° horizontal saccade to
saccades sharing the same horizontal (gray) or vertical
(white) component. Each data point corresponds to the
average across the 4 subjects.
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Correlation of localization with adaptation

Correlation with saccade 
to tested position:

Subjects (n=4) fixated a white cross on the left side of the screen and registered the position of the saccade target (ST), also a cross, presented simultaneously. The ST was chosen from the 

array of 39 tested positions in Fig. 1. When the fixation cross disappeared, subjects saccaded toward the ST. After the go-signal for the saccade but before onset, a probe (small white square) 

was flashed for 10 ms at one of the tested positions. 500 ms after the end of their saccade, a mouse pointer appeared on the screen and subjects had to click on the position they saw the 

probe.

Perceptual consequences of saccadic adaptation

European Conference on Visual Perception, St-Petersburg, Russia, August 21st – 25th, 2006

Methods

Eye position was measured with an Eye Link II (SensoMotoric Instruments) and sampled at 250Hz. Absolute resolution of the eye tracker was XXXXXX. 

Stimuli were displayed on XXXX screen with a refresh rate of 200 Hz.

Experimental  conditions:

• Saccade: The ST and probe could appear at any tested position.

• Localization: The ST was at 12° and the probe appeared randomly  at one of the tested positions. During adaptation trials, the ST stepped back by 4° during the saccade (25% target 

step).

• No step: Identical to the localization condition, except that the ST disappeared during the saccade.

• Fixation: The fixation cross was black, indicating that subjects had to stay fixated throughout the trial. The 12° ST was presented and a probe flashed at one of the tested positions.

Site of saccadic adaptation (saccade condition)

1. Paris Descartes University, CNRS, Cognition and Behavior Laboratory, Boulogne-Billancourt, France ; 2. Westälische Wilhelms University, Department of Psychology, Münster, Germany

The  human saccadic adaptation field and space perception
Thérèse Collins1, Karine  Doré-Mazars1 & Markus Lappe2

Fig 2. Reference saccade (12°, 0°) endpoints in Subject 1. 

Pre-adaptation phase: saccades directed toward the reference ST (12°, 0°) 

undershot the ST by approximately 10%.

Adaptation phase: endpoints shifted to the left (Fig. 2). Amount of adaptation 

was measured by the % gain decrease:

         Fig 4. Percent transfer of gain decrease for 

saccades with similar horizontal or vertical 

component as the reference saccade (12°, 0°).

B) In what coordinates is the saccade coded at the level of adaptation?

A) The human saccadic adaptation field

There was a spatial asymmetry along the horizontal axis: smaller 

saccades were less affected by adaptation than larger saccades. Along 

the vertical axis, the drop in transfer of gain decrease was symmetrical 

for saccades directed upward and downward (Fig. 4).

Hyp. 1: Radial coding. If adaptation affects the saccade vector at a level where it is coded in 

radial coordinates (amplitude A and direction !), and the pre-adapted and adapted saccades 

should be in the same direction (Fig. 5a).

Test of deviation (") from parallel

2. Component coding. If adaptation affects the vector at a level where the horizontal and 

vertical components are coded independently, then only the H-component should be affected, 

and the adaptation ‘tail’ should be parallel to the H axis (Fig. 5b).

Test of saccade direction change (!PRE– !ADA)

The deviation of the data from these hypotheses was tested using the mean squared error (MSE, Fig. 5). Because 

not all STs differentiate the two hypotheses, MSE was weighted as a function of the absolute direction (!p) of the 

saccade (from  -90° to 90°). Overall, parallel #MSE was 57°, whereas direction change #MSE was 4°.

Fig 5. Coding hypotheses. 

Pre-adaptation and adaptation 

endpoints as in Fig 3.

Localization judgments did not shift with adaptation (Fig. 11).

The perceptual effect of saccadic adaptation occurs only when a 

saccade is made.

Fig 3. Saccade endpoints in the saccade 

condition. Each white cross represents a ST. 

Pre-adaptation endpoints are represented by 

blue dots and adaptation endpoints by the black 

tail. The fixation point is at (0°,0°). The ST used 

for adaptation is shown by a red box.
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In the pre-adaptation phase, estimation of visual probe localization was biased toward the fovea in localization, no 

step and fixation conditions. This was expected in light of previous observations (e.g. Müsseler et al., 1999).

Fig 7. Localization judgements in the localization 

condition. Conventions as in Fig. 3.

Adaptation phase: localization judgments (LJs) shifted leftward. The amount 

of shift was estimated similarly to the amount of adaptation, except that LJs  

were used instead of saccade endpoints.

With visual references (localization condition)

Fig 8. Localization judgements in the no step 

condition. Conventions as in Fig. 3.

To eliminate this bias, visual references 

must not be available at the time of 

response.

$ No step condition: the ST 

disappeared during the saccade.

The reference LJ shift was 15%. The 

localization shifts were spatially 

asymmetrical (Fig. 8), with smaller shifts 

for near probes than for far probes 

along the horizontal axis, but no 

asymmetry along the vertical axis where 

the amount of shift was relatively stable 

and similar to the amount of reference 

adaptation (Fig. 9).

Fig 9. Percent transfer of localization 

judgment shift (relative to the shift for the 

probe at the reference position) for 

probes along the same horizontal or 

vertical meridian as the reference 

position.

Fig 10.  Correlation between saccade 

endpoint and localization estimation. 

C) Main sequence

Saccade dynamics (main sequence relationships: 

duration and peak velocity / amplitude) are stable and 

cannot be voluntarily controlled.

Fig. 5 shows the classic relationships between duration 

and amplitude (linear), and between peak velocity and 

amplitude (logarithmic). There is no modification with 

adaptation.
Fig 6. Individual main sequences: saccade duration (left) and peak 

velocity (right) as a function of amplitude.

The spatial structure of the localization shifts resembles that of 

the adaptation field.

Fig 11. Localization judgments in the fixation condition. 

Conventions as in Fig. 3.

The reference LJ shift (31%) was larger than for the saccades (compare also 

Figs 3 & 7).

Recall that in this condition, the ST was visible at the time of the LJ. It is 

probable that subjects used this information to estimate the position of the 

probe, which would be realigned post-saccadically with available visual 

references.

Saccadic adaptation influences perception as mislocalizations of visual probes 
during saccade preparation are structurally similar to the saccadic adaptation field.

Without post-saccadic visual references, the localization of a visual object is based 
on the metrics of the saccade that would be required to attain it.

Probes are localized in alignment with post-saccadic visual references when they are 
available (“landmark effect”, Deubel et al., 1998).

Overall, our data suggest that saccade metrics are taken into account for localizing 
at the level of the comparison of pre- and post-saccadic information for 
reconstructing the visual scene.

The human saccadic adaptation field is asymmetrical along the horizontal axis but 
symmetrical along the vertical axis. This replicates in humans what has been 
observed in monkeys (Noto et al., 1999). Because of the similarity with the 
movement fields of superior colliculus (SC) and frontal eye field (FEF) neurons, such 
an adaptation field could reflect the involvement of these brain areas.

At the time of saccadic adaptation, the saccade is coded in radial coordinates. Such 
coding is found in the SC and in the FEF (Sparks et al., 1976; Bruce et al., 1985). 
Saccadic adaptation could therefore act at the level of these structures, rather than 
at a level where the saccade is coded as separate horizontal and vertical 
components (e.g. brainstem saccade generator).

Finally, preserved main sequences argue that the adaptive process did not directly 
influence the brainstem saccade generator, but only its inputs.

Perceptual consequences of saccadic adaptation
Does saccadic adaptation affect the localization of objects in space? We investigated 
adaptation-induced mislocalization by asking subjects to localize a probe flashed 
100-200 ms before saccade onset. We examined whether the mislocalizations were 
structurally similar to the saccadic adaptation field in different conditions: with 
saccades with or without visual feedback, and without saccades.

The site of human saccadic adaptation
Saccadic adaptation is the progressive correction of artificial or pathologically-
induced systematic targeting errors. When a given saccade vector is adapted, 
vectors within a spatial window around the adapted vector, called the adaptation 
field, are also affected. We investigated the neural site of adaptation by examining 
the adaptation field, the coordinates of the saccade at the time of adaptation and 
saccade dynamics.

Goals of the study

Fig 1. Array of 39 tested positions. The fixation cross is at 

(0°,0°). Each point represents a possible ST or probe 

location. The adapted ST is represented in red (12°, 0°).

All conditions were tested in a pre-adaptation phase and an adaptation phase. During pre-adaptation and the final 100 trials of adaptation, there were twice as many localization 

trials as the three other trial types. The first 50 adaptation trials were localization trials to evoke adaptation. Each subject took 11-14 sessions.

Fig 1.  Array of tested positions. The 

fixation cross is at (0,0). Each point 

represents a possible ST or probe 

location. The adapted ST is 

represented in red (12°, 0°).
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This correlation was preserved in the adaptation condition.

Subjects estimated probes to appear at the location toward which they would 

have made a saccade in the saccade condition.
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Conclusions

The amount of adaptation of 

the reference saccade was 

16%.

The amount of transfer of 

adaptation depended on the 

distance between the tested 

and the reference saccades 

(Fig. 3).
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Adaptation:
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R2 = 0.7

Subject 3

To directly compare saccades and LJs, the correlation between the saccade 

endpoint and the LJ for a given tested position was calculated (Fig. 10). Each 

point represents the correlation between data points from Figs 3 & 8.

Pre-adaptation phase: strong positive correlation between the endpoint of a 

saccade directed toward a given ST and the estimation of the localization of a 

probe flashed at the same location.
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When visual references were not available after the
saccade, during the adaptation phase localization judgments
shifted leftwards on average 1.5° relative to pre-adaptation
(significantly different from 0, Student's t-test, pb0.05), not as
much as in the previous condition although the difference just
failed to reach significance (pN0.06). The shift of localization
judgments appears to be spatially non-uniform (Fig. 3b), with a
larger localization shift for probes to the right of the 12°
saccade target than for those to the left. This spatial
heterogeneity of localization shift size appears similar to the
spatial heterogeneity of adaptation transfer (Fig. 2a). For
example, the leftward shift of localization judgments for the
probe at the same position as the saccade target was 1.8±0.5°.
The probe 2° to the rightwas shifted leftward by 2.0±0.2° while
the probe 2° to the left by only 1.2±0.5°. The probe 2° above the

saccade target position was shifted by 1.5±0.3°, and the probe
2° below 1.4±0.5°.

To quantitatively compare the amount of localization shift
to the amount of saccadic adaptation, Fig. 4 plots the
correlation between the two effects (i.e., between the ampli-
tude of the “adaptation tails” in Figs. 2a and 3b). There was a
positive correlation between the size of the amplitude
reduction of a saccade to a given position and the size of the
shift in localization judgment for a probe at the same position.
This suggests that the estimated probe location depended in
part on themetrics of the saccade that wouldmove the eyes to
that probe (as measured in the saccade condition), even when
that saccade was not the one actually made at the time of
localization. Such motor targeting information might also be
used in the condition where subjects localized with post-

Fig. 3 – Localization judgments (a) with and (b) without the post-saccadic visual reference provided by the saccade target, and
(c) in the fixation condition. Each data point corresponds to the average across the 4 subjects. (□) Probe positions. All other
conventions as in Fig. 2a.

Fig. 4 – Correlation between the size of the saccade change (SACC) and the size of the localization shift, in degrees of visual
angle, for trials in which subjects localized with (◊, dashed line) or without (♦, full line) visual references (VR). Each data
point corresponds to the average over the 4 subjects for one tested position. (a) Size of the change of saccades made to each
tested position in the saccade condition. (b) Size of the change of the saccades towards the 12° target executed during the
localization trials.
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much as in the previous condition although the difference just
failed to reach significance (pN0.06). The shift of localization
judgments appears to be spatially non-uniform (Fig. 3b), with a
larger localization shift for probes to the right of the 12°
saccade target than for those to the left. This spatial
heterogeneity of localization shift size appears similar to the
spatial heterogeneity of adaptation transfer (Fig. 2a). For
example, the leftward shift of localization judgments for the
probe at the same position as the saccade target was 1.8±0.5°.
The probe 2° to the rightwas shifted leftward by 2.0±0.2° while
the probe 2° to the left by only 1.2±0.5°. The probe 2° above the

saccade target position was shifted by 1.5±0.3°, and the probe
2° below 1.4±0.5°.

To quantitatively compare the amount of localization shift
to the amount of saccadic adaptation, Fig. 4 plots the
correlation between the two effects (i.e., between the ampli-
tude of the “adaptation tails” in Figs. 2a and 3b). There was a
positive correlation between the size of the amplitude
reduction of a saccade to a given position and the size of the
shift in localization judgment for a probe at the same position.
This suggests that the estimated probe location depended in
part on themetrics of the saccade that wouldmove the eyes to
that probe (as measured in the saccade condition), even when
that saccade was not the one actually made at the time of
localization. Such motor targeting information might also be
used in the condition where subjects localized with post-

Fig. 3 – Localization judgments (a) with and (b) without the post-saccadic visual reference provided by the saccade target, and
(c) in the fixation condition. Each data point corresponds to the average across the 4 subjects. (□) Probe positions. All other
conventions as in Fig. 2a.

Fig. 4 – Correlation between the size of the saccade change (SACC) and the size of the localization shift, in degrees of visual
angle, for trials in which subjects localized with (◊, dashed line) or without (♦, full line) visual references (VR). Each data
point corresponds to the average over the 4 subjects for one tested position. (a) Size of the change of saccades made to each
tested position in the saccade condition. (b) Size of the change of the saccades towards the 12° target executed during the
localization trials.

35B R A I N R E S E A R C H 1 1 7 2 ( 2 0 0 7 ) 3 2 – 3 9

When visual references were not available after the
saccade, during the adaptation phase localization judgments
shifted leftwards on average 1.5° relative to pre-adaptation
(significantly different from 0, Student's t-test, pb0.05), not as
much as in the previous condition although the difference just
failed to reach significance (pN0.06). The shift of localization
judgments appears to be spatially non-uniform (Fig. 3b), with a
larger localization shift for probes to the right of the 12°
saccade target than for those to the left. This spatial
heterogeneity of localization shift size appears similar to the
spatial heterogeneity of adaptation transfer (Fig. 2a). For
example, the leftward shift of localization judgments for the
probe at the same position as the saccade target was 1.8±0.5°.
The probe 2° to the rightwas shifted leftward by 2.0±0.2° while
the probe 2° to the left by only 1.2±0.5°. The probe 2° above the

saccade target position was shifted by 1.5±0.3°, and the probe
2° below 1.4±0.5°.

To quantitatively compare the amount of localization shift
to the amount of saccadic adaptation, Fig. 4 plots the
correlation between the two effects (i.e., between the ampli-
tude of the “adaptation tails” in Figs. 2a and 3b). There was a
positive correlation between the size of the amplitude
reduction of a saccade to a given position and the size of the
shift in localization judgment for a probe at the same position.
This suggests that the estimated probe location depended in
part on themetrics of the saccade that wouldmove the eyes to
that probe (as measured in the saccade condition), even when
that saccade was not the one actually made at the time of
localization. Such motor targeting information might also be
used in the condition where subjects localized with post-

Fig. 3 – Localization judgments (a) with and (b) without the post-saccadic visual reference provided by the saccade target, and
(c) in the fixation condition. Each data point corresponds to the average across the 4 subjects. (□) Probe positions. All other
conventions as in Fig. 2a.

Fig. 4 – Correlation between the size of the saccade change (SACC) and the size of the localization shift, in degrees of visual
angle, for trials in which subjects localized with (◊, dashed line) or without (♦, full line) visual references (VR). Each data
point corresponds to the average over the 4 subjects for one tested position. (a) Size of the change of saccades made to each
tested position in the saccade condition. (b) Size of the change of the saccades towards the 12° target executed during the
localization trials.

35B R A I N R E S E A R C H 1 1 7 2 ( 2 0 0 7 ) 3 2 – 3 9

Correlation with 
saccade to target:



The adaptation-induced shift

• Is related to the saccadic adaptation field

• Without post-saccadic visual references, the 
localization is based on the metrics of the 
saccade that would be required to attain it

• Localization is in alignment with post-saccadic 
visual references when they are available



How can saccadic adaptation 
influence position judgements ?



Speculations on mechanisms

A. Eye position signal

B. Efference copy signal (adapted)

C. Efference copy signal (unadapted)

D. Post-saccadic visual references

E. Combination of references and efference copy

F. Adaptation of space



Speculations on mechanisms

A. Eye position signal

predicts no errors at all because eye position 
always follows the true eye movement



Speculations on mechanisms

B. Efference copy signal (adapted)

predicts no errors at all because efference 
copy signal always follows the true eye 
movement



Speculations on mechanisms

C. Efference copy signal (unadapted)

predicts errors in adaptation direction because 
efference copy does not match the final eye 
position

predicts errors proportional to amount of 
adaptation

predicts errors uniform over the visual field



Speculations on mechanisms

D. Post-saccadic visual references

predicts errors in adaptation direction 
proportional to target back-step

predicts spatially uniform errors

no prediction when post-saccadic references 
are not available (as in no-step trials)



Speculations on mechanisms

E. Combination of references and efference copy

predicts errors proportional to target back-
step with references and to amount of 
adaptation in no-step trials

may predict spatially non-uniform errors as 
distance from target reference increases

predicts spatially uniform errors in no-step 
condition



Speculations on mechanisms

A. Eye position signal

B. Efference copy signal (adapted)

C. Efference copy signal (unadapted)

D. Post-saccadic visual references

E. Combination of references and efference copy

F. Adaptation of space



Speculations on mechanisms

F.  Adaptation of space

a. Adaptation in visual map

b. Adaptation of attention shifting

c. Space coding via saccade vectors



Speculations on mechanisms

F.a.  Adaptation in visual map

predicts spatially non-uniform errors 
congruent with adaptation field

predicts errors also during fixation

appears inconsistent with physiology, common 
sense, and saccade adaptation literature



Speculations on mechanisms

F.b.  Adaptation of attention shifting

predicts spatially non-uniform errors 
congruent with adaptation field

predicts errors also during fixation

appears inconsistent with physiology



Speculations on mechanisms

F.c.  Space coding via saccade vectors

predicts spatially non-uniform errors 
congruent with adaptation field

no predictions for fixation

Objects are perceived at the location where a 
saccade towards the object would land



Current work

• Time course of shift during adaptation

• Re-evaluation of shift during fixation

• Reactive vs. scanning saccades

• Model of adapatation and induced shift

Planned work


