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a b s t r a c t
Humans tend to create and maintain internal representations of the environment that help guiding
actions during the everyday activities. Previous studies have shown that the oculomotor system is
involved in coding and maintenance of locations in visual–spatial working memory. In these studies
selection of the relevant location for maintenance in working memory took place on the screen (selecting the location of a dot presented on the screen). The present study extended these ﬁndings by showing
that the oculomotor system also codes selection of location from an internal memory representation.
Participants ﬁrst memorized two locations and after a retention interval selected one location for further
maintenance. The results show that saccade trajectories deviated away from the ultimately remembered
location. Furthermore, selection of the location from the memorized representation produced sustained
oculomotor preparation to it. The results show that oculomotor system is very ﬂexible and plays an active
role for coding and maintaining information selected within internal memory representations.
© 2011 Elsevier Ltd. All rights reserved.

1. Introduction
Close your eyes and imagine that you are standing at a doorstep
of your kitchen. Do you know whether the fridge is on your right or
on your left? And if you wanted to make a cup of tea, where would
you look to locate the tea-pot? Although you might be miles away
from your kitchen it is probably not very difﬁcult to create a rather
vivid representation of this familiar environment and to be able
roughly indicate the locations of the most commonly used objects.
This example illustrates that besides interacting with the external world, we can also interact with an internal memorized
representations of the environment. These internal representations
span from simple visual working memory representations that help
us to retain the relevant information for short periods of time
(Baddeley & Hitch, 1974) to more complex and long-lasting internal representations of the world such as visual long-term memory
representations and visual imagery (Kosslyn, Ball, & Reiser, 1978).
Visual attention is the mechanism by which information is
selected from the external visual environment and its behavioral
and neural underpinnings have been a topic of extensive research
for many years (Kastner & Ungerleider, 2000). Interestingly, more
recent studies have shown that visual attention might also be
involved in selection and maintenance of information in the internal representations (Awh & Jonides, 2001; Awh, Vogel, & Oh, 2006;
Postle, 2006; Theeuwes, Belopolsky, & Olivers, 2009). For example, it has been demonstrated that attention facilitates the transfer
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of information into the working memory (Belopolsky, Kramer, &
Godijn, 2008; Schmidt, Vogel, Woodman, & Luck, 2002; Sperling,
1960). Furthermore, research by Awh and colleagues (Awh, AnlloVento, & Hillyard, 2000; Awh, Jonides, & Reuter-Lorenz, 1998)
indicated that there is a large overlap between the mechanisms
involved in visuo-spatial memory and in attentional selection. They
showed that when a location is kept in working memory, processing of stimuli at the memorized location is facilitated relative to
other locations, just like attending to a location improves the processing of information at that location (Posner, 1980). Conversely,
when attention to memorized locations is interrupted, the ability to remember these locations is impaired (but see Belopolsky &
Theeuwes, 2009b). Furthermore, brain imaging studies of working
memory conﬁrm the notion that rehearsal of spatial information
modulates early sensory areas (Harrison & Tong, 2009; Munneke,
Heslenfeld, & Theeuwes, 2010; Postle, Awh, Jonides, Smith, &
D’Esposito, 2004).
Studies by Nobre and colleagues (Grifﬁn & Nobre, 2003; Kuo,
Rao, Lepsien, & Nobre, 2009; Nobre et al., 2004) have shown that
behavioral and neural mechanisms of attentional selection within
internal representations are very similar to the mechanisms that
operate on the perceptual representations. Direct comparison of
cueing of attention to the locations in the internal and perceptual
representations revealed a largely overlapping network of frontal,
parietal and visual areas (Nobre et al., 2004). In a more recent
study (Kuo et al., 2009) participants were ﬁrst asked to memorize a layout of several shapes or colors and then after a retention
interval they were asked to search in memory through this set of
objects for a speciﬁc target object. The results demonstrated that
selection of a target within an internal representation elicited an
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Fig. 1. Illustration of events occurring on a typical trial in Experiment 1. The open circle was not present in the actual display and indicates where participants had to ﬁxate
during the trial.

N2pc component in the event-related potential (ERP), which timecourse and topography was very similar to the N2pc elicited during
a search through a visible array of objects (see also Dell’Acqua,
Sessa, Toffanin, Luria, & Joliccoeur, 2010). Converging behavioral
evidence has recently been provided by Theeuwes, Kramer, and
Irwin (2010), who showed that instruction to retrieve an object
from an internal representation resulted in a faster detection of
probes occurring at the empty location that was occupied by this
object.
Recent studies indicate that there is also a close relationship
between visual–spatial working memory and the eye movement
system (Belopolsky & Theeuwes, 2009a; Theeuwes et al., 2009;
Theeuwes, Olivers, & Chizk, 2005; Theeuwes, Van der Stigchel,
& Olivers, 2006; Tremblay, Saint-Aubin, & Jalbert, 2006; Van der
Stigchel & Theeuwes, 2006). For example, it has been demonstrated
that saccades curve away from the remembered locations, much in
the same way as they curve away from visible locations (Theeuwes
et al., 2005; Theeuwes et al., 2006). Saccade curvature has been
attributed to competition in the oculomotor map for potential saccade targets located in the intermediate layers of superior colliculus
(SC, Sparks & Hartwich-Young, 1989). Saccade trajectory deviation away is typically explained by inhibition of the oculomotor
program produced by a visible distractor or an attended location,
which disturbs the overall activation in SC and shifts the saccade
vector away from the distractor location (Doyle & Walker, 2001;
Godijn & Theeuwes, 2002; see for a review Van der Stigchel, Meeter,
& Theeuwes, 2006). The fact that covertly attended locations and
saccade targets are coded on the same motor map provides strong
evidence for a close relationship between attention and saccades as
postulated by the premotor theory of attention (Rizzolatti, Riggio,
& Sheliga, 1994; Sheliga, Riggio, & Rizzolatti, 1994). The observation that saccades also curve away from an empty location that was
held in memory indicates that a mere act of remembering a location
(note that saccades were never executed to the memorized location) generates competition in the oculomotor system. This shows
that attention, visual–spatial working memory and the oculomotor system are very closely related. This led us to propose that
visual–spatial working memory may be nothing else than covert
preparation for an oculomotor action (Theeuwes et al., 2009).

The current study explored whether the oculomotor system is
also involved in selection of information within the memory representations. In previous studies (Theeuwes et al., 2005, 2006),
a single dot was presented on the screen and participants were
required to select the location of the dot. While encoding the
location of the dot, it was extinguished and its location was further maintained in memory. In the current study, two dots were
presented on the screen and before participants knew which of
the locations had to be maintained in memory the dots were
extinguished. While keeping both locations active in memory, participants had to select one of these locations. In other words, in
previous studies selection of the relevant location took place on
the screen (selecting the location of a dot presented on the screen)
while in the current study selection took place within a memory
representation (selection of the location of a dot held in working
memory).
In Experiment 1 we investigated whether such selection of
location within the context of memory representation generated
activity on the oculomotor map by measuring whether saccades
deviate away from the ultimately remembered location. In Experiment 2 in addition to measuring saccade curvature, we probed
the oculomotor activation by cueing participants on some trials to
make a saccade to either the remembered or to the ignored location.
2. Experiment 1
The goal of the present experiment was to investigate whether
selection of a location within the memorized representation results
in saccade curvature away from that location. Participants were
asked to simultaneously remember two locations on the left and
on the right side of the screen (see Fig. 1). After a retention interval a color change at the ﬁxation told them which location to keep
remembering and which location to forget. After the second retention interval participants had to make a saccade and trajectory of
this saccade was used to measure the curvature away. We also
included a control condition, which was identical to the memory condition, except that participants did not have to keep the
locations in memory. If selection of a location within a memorized
representation activated the oculomotor system then we expected
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saccade trajectory to curve away from that location, but no curvature was expected in the control condition.
2.1. Methods
2.1.1. Participants
Eight naïve participants (7 females, age range 18–32 years) with normal or
corrected to normal vision participated in the experiment.
2.1.2. Apparatus
The stimuli were presented on a 21-in. monitor running at 75 Hz with a
1024 × 768 pixels resolution. Eye movements were recorded with the headmounted EyeLink-II system (SR research, Mississauga, Ontario, Canada) with 500 Hz
temporal and 0.2◦ spatial resolution. An automatic algorithm detected saccades
using minimum velocity and acceleration criteria of 35◦ /s and 9500◦ /s2 respectively.
2.1.3. Stimuli, design & procedure
Each observer was seated 75 cm from a computer screen, with head positioned
on a chinrest. The stimuli were presented on a black background. The trial began with
the participants ﬁxating the dot (0.5◦ in diameter) at the center of the screen and
pressing a spacebar to start. After 500 ms, two gray dots (1◦ in diameter) appeared
for 500 ms (Fig. 1). In the memory condition, the participants had to memorize the
exact locations of the two dots. In the no-memory condition the dots were presented,
but did not need to be memorized.
The dots’ positions were selected out of 48 possible locations (16 locations on
each of the three imaginary circles with the radius of 6◦ , 6.8◦ , and 7.6◦ ). Each quadrant
contained 12 locations, chosen to be at 30◦ , 40◦ , 50◦ and 60◦ of arc. The constraint
was that the two dots were always presented in the opposite horizontal hemiﬁelds,
but always in the same vertical hemiﬁeld.
After a blank interval of 3000 ms, the ﬁxation point changed color for another
3000 ms. When ﬁxation point turned red (3.2 cd/m2 ), it indicated that observers
only needed to keep the left location in memory and forget about the location on
the right; when ﬁxation point turned green (3.2 cd/m2 ), it indicated that observers
only needed to keep the right location in memory and forget about the location on
the left. After a blank interval of 1000 ms, during which the ﬁxation point turned
gray, an arrow (1.5◦ ) pointing either straight up or straight down was presented at
the central location for 2000 ms. Participants were instructed to immediately make
a saccade in the direction of the arrow to a marker placed at the top or bottom of
the display 9◦ from the central ﬁxation (these markers were visible throughout the
whole trial). Saccades were always made to the marker located in the same hemiﬁeld
as the dots have been presented earlier. Memorized location was equally likely to
occur in each quadrant of the display.
In the memory condition after another blank interval of 1000 ms a memory test
was presented. A memory probe (a ring with the same outer diameter as the circle)
was presented either at the to-be-remembered location (probability of .5) or at a
slightly different location (shifted 1◦ , 1.5◦ , or 2◦ along the horizontal axis either
toward or away from ﬁxation). The direction and distance of the memory probe
offset was selected randomly. The participants indicated whether the memory probe
location was the same (“m” key) or different (“v” key).
Each observer performed 120 trials with and 120 trials without the memory task.
The order of the tasks was counterbalanced across the participants. Before the start
of each task participants completed a practice block (24 trials). After each block
(24 trials), participants received feedback about their average memory accuracy
and saccade latency. On each trial, the participants received auditory feedback for
memory and eye movement errors.

2.2. Results and discussion
Trials with saccades faster than 80 ms and slower than 600 ms,
saccades that did not start within 1◦ away from ﬁxation point, and
saccades that did not land within 30◦ of arc from the center of
the saccade target were discarded from further analyses. Furthermore, saccades that were smaller than 3◦ were also excluded. This
resulted in an average loss of 9% of trials (range 2–18%).
To determine the effect of the memorized location on saccade
trajectory, we calculated the angular deviation of the saccade path
for each 2-ms sample point that was greater than 0.5◦ from the central ﬁxation and smaller than 0.5◦ from the endpoint of the saccade,
relative to a straight line from the starting point of the saccade to
the saccade endpoint. A median of these deviations was calculated
for each saccade, averaged across saccade direction and normalized to the top left hemiﬁeld (curvature for memorized location on
the left minus curvature for memorized location on the right, for a
similar method see Van der Stigchel, Meeter, & Theeuwes, 2006).

Fig. 2. Plot of mean saccade trajectories used for calculation of curvature in Experiment 1 for the memory and no memory conditions Trajectories were normalized to
the memorized location occurring on the top left side and averaged across saccade
directions and participants.

Mean of saccade trajectories used for calculation of curvature
are presented in Fig. 2. Curvature away from the memorized location was signiﬁcantly different from zero when the location had
to be kept in memory (0.83◦ ; t(7) = 3.48, p < 0.05) and was not
signiﬁcantly different from zero when the location had to be simply observed (0.1◦ ; t(7) = 1.08, p = .3). Curvature away from the
memorized location was also greater when it had to be kept in
memory than when the dots had to be simply observed (t(7) = 3.70,
p < .01). There was no difference in saccade latency between the
memory and no memory conditions (334 and 338 ms, respectively,
t(7) = 0.19, p =0.8).
Although the memory task was rather challenging, participants were overall quite accurate in performing it (68.2% correct
responses). When the memory probe did not fall on the memorized location, the accuracy was dependent on the distance of the
memory probe from the memorized location. Basically, the closer
the memory probe was to the memorized location, the more difﬁcult it was to detect the difference and to respond correctly (49%,
58%, and 77% for close, medium, and far memory probe locations,
respectively; F(2, 14) = 15.0, p < 0.001).
The results suggest selection of location within the context of
the memory representation generated oculomotor activity that had
to be inhibited in order to execute a saccade to a different location.
This inhibition led to saccade curvature away from the location that
had to ultimately be held in memory.
Another important question is whether the oculomotor preparation at the ultimately memorized location is maintained or
inhibited. For example, Belopolsky and Theeuwes (2009a) showed
inhibition of saccades to locations in working memory. They suggested that locations maintained in working memory are always
coded in the oculomotor system, but can be either activated or
inhibited depending on the task demands (see also Belopolsky
& Theeuwes, 2009b). To investigate this issue on some trials in
Experiment 2 participants had to make a saccade either to the
remembered or to the ignored location.
3. Experiment 2
The goal of the present experiment was to measure the oculomotor preparation at the remembered location. On half of the
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Fig. 3. Illustration of events occurring on a typical trial in Experiment 2. The open circle was not present in the actual display and indicates where participants had to ﬁxate
during the trial.

trials the task was identical to the memory condition of Experiment 1 and these trials were used to calculate saccade curvature
and to replicate the ﬁndings of Experiment 1. On the other half
of the trials markers appeared at the remembered and ignored
locations and participants were cued to make a saccade towards
one or the other location (see Fig. 3). If oculomotor preparation is maintained at the remembered location, we expected that
the latency of saccades to that location would be shorter than
the latency of saccades to the ignored location. Alternatively, if
oculomotor orienting to the remembered location is suppressed
this would be evident in longer latency of saccades to that
location.
3.1. Methods
3.1.1. Participants
Eight naïve participants (6 females, age range 18–28 years) with normal or
corrected to normal vision participated in the experiment.

more, saccades that were smaller than 3◦ were also excluded. This
resulted in an average loss of 14% of trials (range 5–25%).
Saccade curvature was calculated in the same way as in Experiment 1. Mean of saccade trajectories used for calculation of
curvature are presented in Fig. 4. Curvature away from the memorized location was again signiﬁcantly different from zero (1.22◦ ;
t(7) = 4.28, p < .005). This ﬁnding replicates the result from Experiment 1 and shows that selection of a location within working
memory representation results in oculomotor activity that makes
saccades curve away from that location.
To determine whether selection within the working memory
representation also has consequences for initiating a saccade we
compared saccade latencies of saccades executed to the remembered location and saccades executed to the ignored location. The
results are plotted in Fig. 5. Saccades were initiated faster to the

3.1.2. Stimuli, design & procedure
The experiment was very similar to Experiment 1 but with a few exceptions.
Only a memory condition was used (Fig. 3).
The locations of the memory dots were chosen to always be equidistant from
the ﬁxation point (e.g. on the same imaginary circle, but not necessarily mirrored).
The timing of the events was the same as in Experiment 1. On half of the trials,
the experiment was identical to the memory condition of Experiment 1, with the
arrow indicating the saccade direction pointing either up or down. Importantly, on
the other half of trials two additional markers were presented at the locations previously occupied by the memory dots and the arrow was now pointing to one of
those markers. As before, participants had to make a saccade to the marker indicated by the arrow. The arrow was equally likely to point to the location that
had to be maintained in memory, as to the location that had to be ignored. The
memory test for the to-be-remembered location was identical to the one used in
Experiment 1.
Each observer performed 224 trials divided across 7 blocks. Before the start of
each task participants completed a practice block (32 trials).

3.2. Results and discussion
Trials with saccades faster than 80 ms and slower than 800 ms,
saccades that did not start within 1◦ away from ﬁxation point, and
saccades that did not land within 30◦ of arc from the center of
the saccade target were discarded from further analyses. Further-

Fig. 4. Plot of mean saccade trajectories used for calculation of curvature in Experiment 2. Trajectories were normalized to the memorized location occurring on the
top left side and averaged across saccade directions and participants.
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Fig. 5. Mean correct saccade RT in Experiment 2 as a function of the whether saccade was made to the same location as the remembered location or to the ignored
location. Error bars show ± 1 SEM for within-subjects design (Loftus & Masson,
1994).

remembered location than to the ignored location (408 ms and
432 ms, respectively, t(7) = 2.65, p < .05). This implies that selecting
and remembering a location within a working memory representation is associated with preparation and maintenance of a saccade
program to that location.
The mean latency of the vertical saccades was 430 ms. Note, that
these saccades cannot be directly compared to the saccades to the
remembered or ignored locations since they were longer than the
oblique saccades and used different ocular muscles.
Participants were again quite accurate in performing the memory task (70.5% correct responses). When the memory probe did
not fall on the memorized location, the closer it was to the memorized location, the more difﬁcult it was to detect the difference and
to respond correctly (49%, 67%, and 83% for close, medium, and far
memory probe locations, respectively; F(2, 14) = 43.6, p < .001).
Additional analysis showed that memory performance was
slightly improved when saccades were directed to the remembered
or ignored locations than to the visible markers at the top or bottom of the screen (74% vs 67%, respectively; t(7) = 2.0, p = 0.09).
This result is not surprising since in the former case the memorized location was always re-stimulated through appearance of
saccade markers. As shown in Belopolsky and Theeuwes (2009a),
such re-stimulation of the memorized location leads to memory
improvement. Further illustration of this fact is that memory performance for the remembered and ignored locations were not
signiﬁcantly different from each other (73.9 vs 73.6%, t(7) = 0.12,
p = .91).
4. General discussion
The present results clearly demonstrate that the oculomotor
system is intimately involved in selection of information from the
internal representations of space. Its involvement is analogous
to selection of visible stimuli. We show that just as during the
selection of information in external space, selection of a location
within a memorized representation leads to saccade trajectories
deviated away from that location. Furthermore, saccades were
initiated faster to the remembered location than to the ignored
location, suggesting that the oculomotor program to that location
was maintained (Belopolsky & Theeuwes, 2009c). Note that in both
experiments there was no need to program an eye movement to the
remembered location: in Experiment 1 saccades were never made
to these locations and in Experiment 2 the probability of making a
saccade to the remembered location was very small (25% of trials).
Nevertheless, selection in the memory space was able to gener-
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ate a spatially speciﬁc activity in the oculomotor system, while the
external space was empty.
The current ﬁndings are consistent with our proposal regarding a strong overlap between visual working memory, spatial
attention, and the oculomotor system (Theeuwes et al., 2009). However, our ﬁndings provide an important extension of this proposal.
While previous studies have shown that shifts of spatial attention (Belopolsky & Theeuwes, 2009c; Rizzolatti, Riggio, Dascola,
& Umilta, 1987; Sheliga et al., 1994) and locations maintained in
working memory (Belopolsky & Theeuwes, 2009a; Theeuwes et al.,
2005; Theeuwes et al., 2006) are coded on the oculomotor map,
we show that oculomotor map ﬂexibly codes all operations of spatial selection and maintenance, whether they occur in the external
space or internal memory space.
The most likely candidate for such a map is the superior colliculus (SC) – a midbrain structure that operates as a motor map for
the generation of eye movements. The intermediate layers of the
SC have direct projections to and from the posterior parietal cortex
(Pare & Wurtz, 1997), a region closely related to attentional selection (Kastner & Ungerleider, 2000). Neural activity in SC encodes
the locations of potential saccade endpoints that compete with
each other. When a saccade is initiated the eyes start moving in the
direction of the mean vector of these activities (Godijn & Theeuwes,
2002; Van der Stigchel et al., 2006). If there is not much time to
apply inhibition to the location of the distractor the mean vector
of activity would be shifted in the direction of the distractor. However, given enough time inhibition can be applied to the distractor
location (McSorley, Haggard, & Walker, 2006; Theeuwes & Godijn,
2004), which would lead to a shift in the mean vector of activity,
resulting in the eye movement deviating away from the distractor
(Doyle & Walker, 2001; Godijn & Theeuwes, 2002; Sheliga et al.,
1994). Neurophysiological evidence for the inhibition account of
curvature away has been provided by Aizawa and Wurtz (1998)
who showed saccade trajectories deviating away from the region in
SC that was locally inactivated. Our results suggest memory-based
activity can generate competition within the oculomotor system
and in order to allow for an accurate saccade to the target location,
the oculomotor activity associated with the remembered location
in the SC needs to be inhibited. Most importantly, activation in SC
has to be very ﬂexible: observers ﬁrst had to maintain both locations in memory and only later on select one location for further
maintenance. Therefore, the oculomotor map in SC can be very
ﬂexibly modulated ofﬂine.
In addition to ﬁnding curvature away from the location selected
within a memory representation we also found that the oculomotor preparation was maintained at the ultimately remembered
location. Note that this result is unlike previous ﬁndings in which
we found a delay in initiation of saccades to a memorized location (Belopolsky & Theeuwes, 2009a; Theeuwes et al., 2006). One
possible explanation why in the current study there is oculomotor
facilitation while in previous studies there was inhibition is that in
the previous studies selection of the relevant location took place on
the screen (the location was stored in memory while the dot was
still physically on the screen) while in the present study selection
took place within the memory representation (the relevant location was selected after the dots were no longer on the screen).
In other words, the current study deals with selection within a
memory representation. It is feasible that when the initial selection
takes place on the screen inhibitory effects resembling inhibition
of return (IOR) are observed (Klein, 2000). As in the current study
selection takes place within a memory representation inhibitory
effects are not seen but instead facilitatory oculomotor (and possibly attentional) effects are observed.
Note that it is possible to simultaneously have saccade curvature away from a location which is assumed to represent inhibition
while at the same time to have facilitatory processing at that loca-
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Fig. 6. A framework for understanding the inhibitory control of saccades (adapted
from Godijn & Theeuwes, 2004; Theeuwes & Godijn, 2004).

tion. It is thought that saccade curvature is generated within the
SC while oculomotor processing (both inhibitory and facilitatory)
originates in the preoculomotor attentional map located in posterior parietal cortex (most likely the intraparietal sulcus). According
to the framework developed by Godijn and Theeuwes (2004), (see
also Theeuwes and Godijn, 2004) when a location is attended it
is passed from the preoculomotor map to the saccade map in the
SC (see Fig. 6). In case of inhibition the activation within the saccade map then generates activation in the inhibitory control system
(most likely dorsolateral prefrontal cortex and/or the frontal eye
ﬁelds). Activation in the inhibitory control system in turn generates
an inhibitory tag within the preoculomotor attentional map, which
delays the initiation of saccade. We propose that during selection
within a memory representation there is no inhibitory tag passed
from the SC to the inhibitory control system. Instead, activation in
the preoculomotor attentional map in the posterior parietal cortex
is sustained.
To summarize, the present study corroborates previous ﬁndings suggesting that the process of selecting information from our
internal representations resembles the way it occurs for the external world (Kuo et al., 2009; Nobre et al., 2004). Our ﬁndings show
that oculomotor system is very ﬂexible and plays an active role
for coding and maintaining information selected within internal
representations.
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