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Summary

Attention is crucial for visual perception because it allows
the visual system to effectively use its limited resources by
selecting behaviorally and cognitively relevant stimuli from
the large amount of information impinging on the eyes.
Reflexive, stimulus-driven attention is essential for success-
ful interactions with the environment because it can, for ex-
ample, speed up responses to life-threatening events. It is
commonly believed that exogenous attention operates in
the retinotopic coordinates of the early visual system. Here,
using a novel experimental paradigm [1], we show that a non-
retinotopic cue improves both accuracy and reaction times
in a visual search task. Furthermore, the influence of the
cue is limited both in space and time, a characteristic typical
of exogenous cueing. These and other recent findings show
that many more aspects of vision are processed nonretino-
topically than previously thought.

Results and Discussion

Attention is a key feature of vision. We usually perceive or
remember objects only when we pay attention to them [2].
Two types of attention can be distinguished [3, 4]. Endogenous
attention is directed by voluntary effort, for example, when
intentionally looking at a star in a clear night. Exogenous atten-
tion, instead, is drawn automatically to the location of salient
events, such as a shooting star. This attentional capture is
usually assumed to be based on retinotopic coordinates, i.e.,
allocated to the location where the event is projected on
the retina. Here, we show that attentional capture can occur
in a nonretinotopic frame of reference. This grouping-based
nonretinotopic capture shows the same characteristics as
exogenous attention hitherto characterized by retinotopic
paradigms.

Experimentally, exogenous attention is investigated with
cueing paradigms where a cue precedes a target [4-9].
Speeded responses to the target are faster when the cue and
the target appear at the same retinotopic location compared
to when they occur at different locations. Here, we combined
a cueing paradigm with a variant of the Ternus-Pikler display
[10, 11] that we proposed as a sensitive test for nonretinotopic
processing [1]. Three gray squares were followed by an
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interstimulus interval (ISI) and then shifted by one position
randomly to the left or to the right (in Figure 1A, a left-to-right
motion is shown). A “group motion” percept is elicited where
the three squares appear to move laterally in tandem as a group
[12]. Because of the group motion, only one central square
is perceived [1]. To investigate the effect of nonretinotopic
cueing, we presented a cue in the central square of the first
frame and a visual search display in the central square of the
second frame. Observers had to indicate the orientation
(clockwise versus counter-clockwise) of a tilted red bar (target)
among upright red and tilted green bars (distractors).

Experiment 1

The target was presented randomly at one of six possible loca-
tions. The cue was presented either at the center of the square
(neutral cue) or at the same position as the target with respect
to nonretinotopic “square coordinates” (valid cue). When, for
example, the cue was at the upper right corner of the central
square in the first frame, the target was in the same corner in
the second frame. Because of the group motion and the corre-
sponding nonretinotopic frame of reference, the cue and the
search display were perceived in the same central square. Still,
cues never overlapped with the target retinotopically.

Even though the cue and the target never overlapped retino-
topically, observers were much faster and accurate when the
cue was valid compared to when the cue was neutral [Figures
1B and 1C; paired t test, reaction times, t(5) = 7.8, p < 0.001;
accuracy, t(5) = 3.19, p = 0.024]. Hence, the cue effectively
captured attention nonretinotopically. In the neutral condition,
reaction times along the horizontal meridian were faster than
along the vertical one [116.12 ms difference; paired t test,
t(5) = 6.52, p < 0.005]. This difference largely disappeared in
the valid cue condition, well in line with findings in retinotopic
paradigms [7].

Experiment 2

The advantage of the valid over the neutral cue in experiment 1
is not due to the training with the nonretinotopic Ternus-Pikler
paradigm. Three new observers performed 1,000 trials using
the same paradigm as in experiment 1. Then, we presented
200 trials using a retinotopic paradigm where the display
appeared twice at the same location (Figure 2A). The pattern
of results is similar as in the nonretinotopic condition. The
cueing effect with the retinotopic display was even larger than
the one in the last 200 trials of the nonretinotopic condition
[Figures 2A and 2B; paired t test: t(2) = 4.15, p = 0.053].

Experiment 3

To further contrast the effect of retinotopic and nonretinotopic
cueing, we decreased the interframe displacement to make
the central squares of the first and second frames partially
overlap. We presented a search display composed of four
elements preceded by a cue flashed at one of the four corners
of the central square of the first frame (Figure 3A). The cue was
predictive (80% valid) of the row (top or bottom) where the
target would appear in the second frame, but not for the hori-
zontal target position, which was selected randomly at each
trial. Thus, the cue was equally predictable nonretinotopically
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and retinotopically. This setup resulted in valid trials (either
retinotopic or nonretinotopic) and invalid trials. Observers
were faster when the target was cued nonretinotopically than
when it was cued retinotopically [Figure 3B; retinotopic versus
nonretinotopic, reaction times, paired t test, t(4) = 3.98,
p = 0.016; accuracy, t(4) = 0.13, p = 0.9]. For invalid trials
(20% of all trials), reaction times were longer than for valid
ones and accuracy was much lower.

Experiment 4

Next, we show that a nonretinotopic cue captures attention
even when noninformative. The cue appeared randomly at one
of the six possible positions in the central square of the first
frame independently of the target position. This arrangement
accidentally produces “valid” trials when the cue is presented
at the same position as the target and “invalid” ones otherwise
(Figure 4A). Notwithstanding the fact that the cue was nonpre-
dictive and that observers were informed about this, responses
to “valid” trials were faster than responses to “invalid” ones
[Figure 4B; paired t test, t(2) = 6.06, p = 0.026; accuracy, paired
t test, t(2) = 2.31, p = 0.14]. A regression analysis showed that
reaction times increased with the distance between the cue
and the target by 38 ms/arcdeg [Figure 4C; one sample t test
on the slope of the regression line, t(2) = 7.40, p = 0.017]. Hence,
even though the cue did not carry any information about the
position of the target, the cue still attracted exogenous atten-
tion similarly to findings in retinotopic paradigms [13]. The effect
of the uninformative cue is smaller than the one in experiment 1
(61.71 ms and 118.79 ms, respectively).

= 80ms

Figure 1. Nonretinotopic Cueing

(A) Observers fixated on a dot throughout the
experiment. In a Ternus-Pikler display, a cue ap-
peared in the central square of the first frame
while a visual search display appeared in the
central square of the second frame. Observers
were asked to indicate the orientation of the tilt
of a red bar (target, highlighted by a circle not
shown in the actual display) among upright red
and tilted green bars (distractors). In “valid” trials,
the cue and the target appeared at the same rela-
tive position with respect to the surrounding cen-
tral square. In “neutral” trials, the cue appeared
always at the center of the central square. Neither
in the valid nor in the neutral trials, the cue and the
target overlapped retinotopically.

(B) Collapsed over the individual target positions,
responses are faster and more accurate for valid
than for neutral cues. Error bars show the stan-
dard error of the mean (SEM) of six observers.
(C) Reaction times for the individual target posi-
tions. The black outer circle indicates the target
position (in degrees). The inner circles provide a
scale for the reaction times. The corners of the
hexagons represent the average reaction times
for each target position. The closer the corners
are to the center, the faster the reaction times
are. For all target positions, reaction times are
faster in valid (light gray) than in neutral (dark
gray) trials. Colored bands indicate standard
errors.

Fixation

Frame 1 = 200ms

ISl =66.7ms

Frame 2 = 200ms

Experiment 5

To investigate the time course of nonre-
tinotopic cueing, we presented the cue
in the first frame with one out of five
cue target onset asynchronies (CTOAs).
In this experiment, the target location was cued nonretinotopi-
cally (100% valid). In addition, the search display was masked
(Figure 4D). Motion direction was kept constant within each
block of trials. An analysis of variance (ANOVA) showed a signif-
icant performance difference among the levels of CTOA
[repeated-measures ANOVA, n = 9, F(4) = 2.7, p = 0.048]. A
set of multiple comparisons (Tukey-Kramer test, p = 0.048)
showed that performance was better at shorter (170 ms) than
at longer CTOAs (420 ms). These results are in agreement
with an early, transient exogenous attention deployment
similar to findings in retinotopic paradigms [4, 8, 9]. For purely
endogenous attention, accuracy should monotonically
increase with CTOA. Our results do not exclude the involve-
ment of an endogenous component, but the transient peak
around CTOA = 170 ms strongly supports the engagement of
exogenous attention.

The early visual system is organized retinotopically, and most
visual processing is thought to take place within retinotopic
representations. Retinotopic accounts of attention predict
cueing benefits when the cue and the target occupy the same
retinotopic location. In contrast to this prediction, we have
shown significant cueing effects in nonretinotopic coordinates.

Because, in our experiments, observers’ head and body
positions were fixed, our results rule out not only retinotopic
but also all egocentric (e.g., body- and head-centered refer-
ence frames) and static allocentric (e.g., spatiotopic) reference
frames. Instead, our results show that exogenous cueing
occurs in a coordinate system that moves according to
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Figure 2. Effects of Training

(A) In experiment 2, three new observers performed a total of 1,000 trials
using the same paradigm as in experiment 1 (left). Average reaction times
and accuracy are shown for the last 200 of the 1,000 trials (right).

(B) After performing the 1,000 nonretinotopic trials in the nonretinotopic
condition, observers performed 200 trials in the retinotopic condition, where
the squares appeared twice at the same location. Reaction times and accu-
racy show the same pattern as in the nonretinotopic condition.

Error bars represent SEM.

perceptual grouping relations, as in an object-centered refer-
ence frame. Previous studies showed nonretinotopic cueing
effects to be nonspecific and related to the entire object [14,
15, but see 16]. Our results show that nonretinotopic cueing
is specific to the location within the object (the central square)
where the cue is presented.

Recently, eye movement paradigms were used to study the
frame of reference of endogenous attention across saccades
with conflicting results [17, 18], some of them favoring nonreti-
notopic accounts. Here, we have shown that exogenous atten-
tion also can be processed in nonretinotopic, object-based
coordinates.

Our results show that models of attention need to take non-
retinotopic processing into account. Nonretinotopic reference
frames might be conceptualized in different ways and attention
can come into play at various time points, namely before,
during, or after the nonretinotopic frame of reference is estab-
lished. For example, according to a hierarchical retinotopic
account, objects may be computed first in retinotopic coordi-
nates, and the effect of the exogenous cue may shift automat-
ically in conjunction with the retinotopic shift of the moving
object. Alternatively, a nonretinotopic frame of reference may
provide the fundamental representation where attention

operates. In this case, cueing occurs in a nonretinotopic refer-
ence frame along with the computation of the object. Inanatural
environment, most objects undergo continuous motion, neces-
sitating the computation of objects over continuously changing
retinotopic locations. Although pursuit eye movements can ret-
inotopically stabilize a target, all stimuli having a different
velocity than the pursuit target will require computations over
continuously changing retinotopic locations [19]. In agreement
with these observations, it has been shown that the computa-
tion of fundamental object attributes such as form [20], color
[21], brightness [22], and size [23] takes place in nonretinotopic
representations. Thus, unlike the aforementioned retinotopi-
cally-based hierarchical processing, we suggest that the
computation of objects and the operation of attention take
place simultaneously within the same nonretinotopic space-
time representation. These space-time representations are
computationally beneficial for the visual system, because the
computations become invariant with respect to continuous
movements of the eyes, head, body, and objects. Furthermore,
nonretinotopic, grouping-based space-time reference frames
provide the natural bases for event representations and
analyses.

Taken together, our results, along with recent discoveries of
nonretinotopic visual processing [18-39], may pave the way
toward a novel conceptualization of visual computations
wherein nonretinotopic frames of reference provide the com-
putational framework for many processes hitherto thought to
operate in retinotopic coordinates.

Experimental Procedures

Apparatus: subjects observed the stimuli on a PHILIPS 201B4 CRT monitor
1280 by 1024 pixels at 75 Hz refresh rate (experiment 5: 1,024 by 768 at
100 Hz). We used the iViewX-HiSpeed eye tracker (SMI), set up for binocular
mode at 500 Hz sampling frequency. Signals of both eyes were averaged in
order to reduce noise.

Atotal of 17 subjects (14 naive) were tested. Observers had normal or cor-
rected-to-normal vision at least for one eye, as assessed with the Freiburg
Visual Acuity Test.

All experiments were approved by the local ethics commission.

Experiment 1

Six subjects (five naive) were tested. We trained the observers until they
reached 90% accuracy in two consecutive blocks. This needed a maximum
of 400 trials.

In the first frame, three gray squares were presented for 200 ms followed
by a66.7 ms IS| and a second frame, displayed again for 200 ms. The display
shifted during the ISI by 3.7 arcdeg, either left-to-right or right-to-left,
selected randomly in each trial.

The squares had 3 arcdeg side and a luminance of 36.4 cd/m? on a
4.55 cd/m? black background. The central square was surrounded by a
brighter (54.6 cd/m? luminance) 0.29 arcdeg frame. The squares were
separated by a 3.7 arcdeg center-to-center distance.

In the central square of the second frame, six bars (24 cd/m? luminance)
were presented for 80 ms from the onset of the second frame. The bars were
0.4 arcdeg long and 300 arcsec wide and were presented at 0, 60, 120, 180,
or 240 degrees along an imaginary circle centered on the square (1.2 arcdeg
radius, Figure 1A). Distractors were either red and upright or green and tilted
by 30 degrees. The target was red and tilted. Subjects were instructed to
indicate the direction of the target tilt by pressing one of two buttons as
quickly as possible.

In the central square of the first frame, a cue was presented consisting of
a black dot (4.55 cd/m? luminance) of 8.79 arcmin diameter, flashed for
53.3 ms at three different cue target onset asynchronies (120 ms, 160 ms,
or 213.4 ms). The results from the different CTOAs were pooled together.
The cue was presented either centrally (neutral cue) or peripherally (valid
cue) in the central square. When peripheral, the cue appeared at the same
position as the target in the second frame with respect to the center of
the central square.
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Figure 3. Retinotopic Versus Nonretinotopic Cueing

(A) In experiment 3, the central square of the first and
second frames partially overlapped. A cue, which could
appear at each one of the corners of the central square
in the first frame, was in 80% of the occurrences predic-
tive for the row where the targets (tilted red line) were to
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appear in the second frame. For example, when the cue
appeared in the left corner of the upper row, the target
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appeared with 40% probability at this position or with

40% probability at the right corner (in the second frame).
In the remaining 20% of trials, the target was presented

at either position in the lower row. With this setup, nonre-

tinotopic and retinotopic cue validity was the same for
targets presented at the overlap region. The search
display was followed by a mask to increase task diffi-

culty.

(B) Only trials with targets presented at the overlap
region are shown. Among the valid trials, responses
were faster for nonretinotopic than for retinotopic valid
trials. Error bars represent SEM.
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to its vertical position. In this experiment, 1.69% of the
trials were excluded because they exceeded the fixation
criterion.

Experiment 4

A 2.9 arcmin central fixation dot was presented at the center of the screen
before each trial and disappeared before stimulus onset. Observers had to
fixate within a 1 arcdeg window around the dot for at least 300 ms to allow
the trial to start. Trials were discarded when eye movements exceeded the
1 arcdeg window during the presentation of the target. This procedure led to
the elimination of 10.25% of the trials in experiment 1.

Experiment 2

Training control: three subjects (two naive) were tested. The stimuli and
procedure were the same as in experiment 1. Subjects started with 400 trials
of training. After the training stage, subjects were tested with 600 trials using
the same stimuli and procedure. Only the last 200 trials were used for the
analysis. Finally, subjects were tested for another 200 trials in a retinotopic
condition. Stimuli and procedure in this condition were identical to the non-
retinotopic condition except that the three squares flickered twice at the
same position. In this experiment, 22.39% and 0.34% of the trials were dis-
carded because they exceeded the fixation limit in the nonretinotopic and
retinotopic conditions, respectively.

Experiment 3
Retinotopic versus nonretinotopic cueing: five subjects (three naive) were
tested. Four of them also participated in other experiments of this contribu-
tion. Stimuli were similar to those of experiment 1. The length of each side of
the squares was 4 arcdeg, and the lateral shift of the squares was 2.26 arc-
deg. The central squares of the two frames partially overlapped. Four search
items were presented in the second frame at an angle of 45, 135, 225, and
315 degrees, at a distance of 1.6 arcdeg from the square’s center, preceded
by a cue (20 arcmin diameter) presented in the first frame. The central
square of the first frame was centered at fixation so that all the cue locations
in the overlapping region had the same eccentricity. The cue and target
could overlap at two of the four locations. To increase the difficulty of the
task, we followed the search display (presented for 70 ms) by a mask of
300 ms composed of a 20 degree tilted red “x” overlaid with a 20 degree
green “+” (or the other way around randomly). An ISI of 50 ms was presented
between the search display and the mask. For one subject, no ISI was pre-
sented, because the task was too easy with an ISI between the search
display and the mask.

The cue predicted whether the target appeared in the upper or lower half
of the square with 80% validity. Yet, the cue was uninformative as to the
horizontal position of the target. With this arrangement, the target at the

Uninformative cue: three subjects (two naive) were

tested in this experiment. All these subjects had partici-

pated in experiment 1. Stimuli and procedure were as in
experiment 1 except that the cue was not predictive of the location of the
upcoming target. The cue was randomly presented at one of the target loca-
tions, producing 17% (1/6) valid trials and 83% (5/6) invalid trials. Subjects
were informed that the cue was uninformative. We discarded 8.53% of the
trials because the fixation criterion was exceeded.

Experiment 5

Time course: nine subjects (seven naive) were tested. One of these subjects
had participated in experiment 2, and four subjects also participated in
experiment 3. Frame duration and ISI were set to 400 ms and 70 ms, respec-
tively. Motion direction was fixed within a block, always to the right or to the
left. A valid cue (20 arcmin diameter) was presented 50, 150, 250, 300, or
350 ms after the onset of the first frame and stayed on throughout the dura-
tion of the first frame. This produced five different cue-target onset asyn-
chrony levels: 120, 170, 220, 320, and 420 ms. A search display was briefly
presented in the second frame and was immediately followed by a mask,
similar to the mask used in experiment 2. Target display duration and
mask duration were chosen individually for each subject to produce a per-
formance level close to 70% (target duration ranging from 30 to 100 ms and
mask duration ranging from 300 to 370 ms) as previously done by Miiller and
Rabbitt [9]. Subjects were required to be as accurate as possible without
any emphasis on response speed. Eye movement analysis led to the elimi-
nation of 10.56% of the trials.
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