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A B S T R A C T

Schizophrenia impairs cognitive functions as much as perception. For example, patients perceive global motion
in random dot kinematograms less strongly, because, as it is argued, the integration of the dots into a single
Gestalt is complex and therefore deteriorated. Similarly, the perception of apparent motion is impaired, because
filling-in of the illusory trajectory requires complex processing. Here, we investigated very complex motion
processing using the Ternus-Pikler display. First, we tested whether the perception of global apparent motion is
impaired in schizophrenia patients compared to healthy controls. The task requires both the grouping of
multiple elements into a coherent Gestalt and the filling-in of its illusory motion trajectory. Second, we tested
the perception of rotation in the same stimulus, which in addition requires the computation of non-retinotopic
motion. Contrary to earlier studies, patients were not impaired in either task and even tended to perform better
than controls. The results suggest that complex visual processing itself is not impaired in schizophrenia patients.

1. Introduction

Schizophrenia impairs perception to the same extent as cognition.
While cognitive deficits are well investigated, less is known about visual
deficits, even though they are amongst the most sensitive endopheno-
types of schizophrenia (Chkonia et al., 2010).

Interestingly, simple local motion processing is not impaired in
schizophrenia, whereas global and complex motion processing are
disturbed. For example, discriminating the motion direction of simple
drifting gratings is equally good in both patients and controls (Chen
et al., 2003; Tibber et al., 2015). However, discriminating the coherent
motion direction of a small subset of dots within a cloud of randomly
moving dots, which requires both motion integration and segregation
across dots, is deteriorated by a factor of about two (Chen et al., 2003;
for a review, see Chen, 2011; Butler et al., 2008).

A special case of motion perception is apparent motion, where two
elements are flashed at different locations separated by an inter-
stimulus interval (ISI). Observers perceive motion from one element
to the other, rather than two consecutively presented elements

(Wertheimer, 1912). Apparent motion processing has been suggested
to be impaired in schizophrenia patients. However, experimental
results are mixed (Saucer and Deabler, 1956; Saucer, 1958, 1959;
Chambers and Wilson, 1986; Sanders et al., 2013; but see Sanders
et al., 2012; Saucer, 1958; Tschacher et al.,2008). A deficit might be
expected, because apparent motion needs complex processing, such as
filling in the illusory motion trajectory between the elements.

Here, we investigated even more complex motion processing in
schizophrenia by using the Ternus-Pikler display (TPD), combining
apparent motion processing and non-retinotopic interpretation. Non-
retinotopic processing is a fundamental aspect of visual perception. For
example, if visual information would be processed strictly retinotopi-
cally, eye movements could not be differentiated from real motion in
the world, which would arguably make it impossible to create a stable
image of the world. In the TPD, three disks are briefly presented on a
computer screen (Fig. 1). Following an ISI of variable duration, the
disks reappear shifted by one position to the right. After another ISI,
the disks reappear in their original position and the sequence starts
over again (see animation on http://lpsy.epfl.ch/). The ISI determines
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the global motion percept: If the ISI is long (e.g., 100 ms), the three
disks form a group that is perceived to move back and forth
horizontally (group motion; Fig. 1b). If the ISI is short (e.g., 0 ms),
two stationary disks are perceived, with the outermost disk appearing
to jump from left to right and back (element motion; Fig. 1a).

First, we parametrically varied the ISI and participants reported
whether they perceived element or group motion. Next, we added a dot
to each disk. The motion of the dot is determined by the ISI: When
element motion is perceived, the dots appear to move linearly up-down
in the left central disk and left-right in the right central disk (Fig. 1a).
In the “jumping” outermost disk, the dot is always perceived in the
center. The perceived motion is retinotopic, i.e., the percept is in
accordance with the stimulation on the retina. In the group motion
condition, the dots in the two outer disks appear stationary, whereas
the dot in the middle disk appears to rotate either clockwise or counter-
clockwise (Fig. 1b). The rotation percept is non-retinotopic, because
there is no rotation on the retina. The rotation is a combination of the
retinotopic left-right and up-down motions (see arrows in Fig. 1),
which are invisible themselves.

Global motion processing precedes local motion processing in the
Ternus-Pikler display because the global disk motion must first be
computed before the local dot motion can be computed relative to it
(Clarke et al., 2013; but see Pooresmaeili et al., 2012). Hence, patients
should be strongly deteriorated with the Ternus-Pikler display, if global
motion processing is deficient.

2. Methods

2.1. Participants

Twenty-two adults diagnosed with schizophrenia and 20 healthy
controls matched in age and education participated in the experiment.
All participants had normal or corrected-to-normal vision, with a visual
acuity of ≥0.8 (corresponding to 20/25) at least in one eye, as
determined with the Freiburg Visual Acuity Test (Bach, 1996).

Schizophrenia patients were recruited from the Tbilisi Mental
Health Hospital. Among the patients, 8 were inpatients and 14
outpatients. Healthy controls were recruited from the general popula-
tion. General exclusion criteria were drug or alcohol abuse, neurologi-
cal or other somatic illnesses. Participants were no older than 53 years.

Ethics approval was obtained in Tbilisi from the Georgian National
Council on Bioethics. All participants signed informed consent and
were informed that they could quit the experiments at any time.

Patients were diagnosed according to DSM-IV by means of an

interview based on the SCID, information of the staff, and the study of
the records. Psychopathology of schizophrenia patients was assessed by
an experienced psychiatrist (EC) by Scales for the Assessment of
Negative Symptoms and Scales for the Assessment of Positive
Symptoms (SANS, SAPS; Andreasen, 1983, 1984). All patients were
receiving neuroleptic medication. Chlorpromazine equivalents and
group characteristics are depicted in Table 1. Severity of positive and
negative symptoms and CPZ dose were comparable to earlier studies
with subjects from the same hospital (e.g., Plomp et al., 2013) and a
hospital in Bremen, Germany (Herzog et al., 2004; Grimsen et al.,
2013). In- and outpatients did not fundamentally differ in terms of age,
illness duration, education, negative symptoms (SANS) and medication
dose. Positive symptoms (SAPS) were higher in the inpatient group
(M(SD) =11.0(3.6) vs. 8.1(3.0); t(20) =2.05, p=0.053), who on average
also received higher medication doses (chlorpromazine M(SD)
=697(429) vs. 556(366); t(19) =0.8, p=0.434). The medication data
for one patient were not available.

2.2. Stimuli and task

Participants were tested in a dimly lit room. Stimuli were presented
at a distance of 0.6 m on a Dell Latitude E5540 laptop (1920*1080 px,
60 Hz) and were programmed with Matlab and Psychtoolbox
(Brainard, 1997; Pelli, 1997).

We used a variant of the Ternus-Pikler display (Fig. 1; Ternus,
1926; Pikler, 1917). In each stimulus frame, two horizontally aligned,
equidistant black disks were presented for 133 ms, followed by a blank-
screen ISI of variable duration. Participants were instructed to fixate on
a fixation point presented between and below the two disks. A third
disk was displayed either to the left or the right, alternating position

Fig. 1. Ternus-Pikler display. Three black disks with white dots are presented (in Cond. 1, the dots were not presented). After an ISI, the disks reappear shifted to the right by one
position, so that the leftmost disk in frame 2 spatially overlaps with the middle disk in frame 1. Following another ISI the sequence starts over again. a) For short ISIs, the two central
disks are perceived as stationary and the dots appear to move linearly up-down (left disk) and left-right (right disk). The outermost disk appears to “jump” back and forth. The arrows
indicate the perceived object correspondence (arrows were not shown in the experiment). b) For long ISIs, the three disks are perceived to move left-right in tandem. In the middle disk,
a dot appears to rotate. The dot rotation is a non-retinotopic combination of the linear up-down and left-right motions, which are themselves not visible. c) As a control condition, we
presented the three disks without lateral displacement and with a long ISI of 200 ms. The dot in the middle disk rotates either clockwise or counterclockwise. This rotation is retinotopic.
© Marc M. Lauffs.

Table 1
Demographic data (mean ± S.D.) of schizophrenia patients and healthy controls.

Schizophrenia patients Healthy controls

N 22 20
Age (years) 39.5 ± 9.3 40.4 ± 7.6
Gender (f/m) 5/17 6/14
Education level (years) 13.3 ± 2.4 14.85 ± 2.4
Duration of illness

(years)
15 ± 9.1

SANS 10.23 ± 5.5
SAPS 9.4 ± 3.45
CPZ 609.82 ± 387.1
Handedness (R/L) 22/0 20/0
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with every frame. The start side of the third disk was chosen randomly
with equal probability. Depending on the ISI, there were two percepts:
At short ISIs, the two central disks are perceived as stationary at one
location, while the third disk is “jumping” from left to right and vice
versa (element motion, EM, Fig. 1a). At long ISIs, the three disks
appear to move in tandem from left to right and back (group motion,
GM, Fig. 1b).

Each trial comprised seven stimulus frames, interleaved by ISIs,
and followed by a blank screen of 0.75 s before the next trial started. In
Condition 1, the ISI was chosen randomly with equal probability from
0, 17, 33, 50, 67, 200 ms for each trial. In the case of an ISI of 0 ms, the
stimulus frames followed each other without intermittent blank screen
and the stimulus onset asynchrony was equal to the duration of one
stimulus frame (133 ms). Ten trials for each ISI were presented
randomly (60 trials in total). The task was to indicate, via push-button
presses, whether element motion or group motion prevailed.

In Condition 2, a dot was added to each disk (Fig. 1). Only four
frames with dots were presented, preceded by two and followed by one
frame without dots. We used only ISIs of 0 and 200 ms, which elicit
strong element and group motion percepts, respectively. For each ISI,
24 trials were presented in random order. Trials with clockwise and
counterclockwise rotation were presented in random order with equal
probability. Participants indicated, via push-button presses, whether
they perceived clockwise or counterclockwise rotation. In condition 2,
we randomly interleaved 12 control trials in which the three disks were
presented in the same position in each frame, resulting in a retinotopic
rotation of the middle disk (Fig. 1c). For these trials, an ISI of 200 ms
was used.

2.3. Stimulus specifics

The disks had a diameter of 1.6° and were presented 0.8° above a
central fixation point (red square with 0.07° side lengths). The center-
to-center inter-disk distance was 1.9°. The white dots had a diameter of
0.25° and were presented halfway between the disk's center and rim.
Background color of the screen was midlevel gray. The start orientation
of the rotating dot was chosen randomly to be at 0, 90, 180 or 270
degrees. When a participant failed to respond within 3 s, a beep
indicated the omission and the trial was repeated at a random later
moment. No other feedback was given.

2.4. Statistical analysis

All statistical tests were performed in the free and open-source
JASP software (Love et al., 2015). Mixed ANOVAs were Greenhouse-
Geisser corrected where appropriate. T-tests for unequal variances
(Welch's test) were used where appropriate. Uncorrected tests led to
the same conclusions in all cases.

3. Results

3.1. Condition 1: Group vs. element motion

In Condition 1, the proportion of trials in which group motion was
reported increased monotonically with ISI, in both patients and healthy
controls (Fig. 2). Overall, neither group reported significantly more
group motion than the other (F(1,40)=0.710, p=0.404, η2=0.017, 95%
CI for Mcontrol – Mpatient =[−13.5%; 5.6%]). There was also no
significant interaction between group and ISI in a mixed ANOVA
design (F(5, 200)=1.367, p=0.256, η2=0.008, ε=0.601). This shows
that the increase in group motion percepts in patients was not
significantly different from that in controls. Even without correcting
for multiple comparisons, t-tests per ISI were all statistically non-
significant.

As can be seen in Fig. 2, patients reported slightly more group
motion percepts than controls for the trials with ISIs between 0 and

50 ms and slightly less at the longest ISI of 200 ms. We suggest that
these differences are mainly explained by patients’ tendency to be more
variable in their responses. For example, at the shortest ISI, control
subjects reported group motion in only 0.5% (SD=2.24) of the trials.
Since it can hardly be lower, the higher variance in patients (SD=17.44)
necessarily leads to a higher mean. The inverse holds for the longest
ISI, where controls reported group motion perception in 94.5% of the
trials, and more variable responding can only lead to a lower mean.
Supporting our suggestion, Levene's test for equality of variances was
highly significant for ISIs 0 and 50 ms (p≤0.001) and close to
significance for ISI 200 ms (p=0.055).

3.2. Condition 2: Rotation discrimination

In Condition 2, white dots were added to the disks and participants
indicated whether the central dot rotated clockwise or counterclock-
wise. We computed d′, a bias-free measure of sensitivity (Fig. 3a; Abdi,
2007; Macmillan and Creelman, 2005) but we also show results as the
percentage of correct responses (Fig. 3b).

Patients’ and controls’ sensitivity did not differ significantly overall,
nor was there an interaction between group and ISI (p=0.616 and
p=0.683, respectively). For the 0 ms ISI, element motion was perceived
and the rotation was invisible. Clockwise/counterclockwise discrimina-
tions were at chance level. Patients had a non-significantly higher
sensitivity than healthy controls (t(40)=−2.02, p=0.051, Mcontrol –
Mpatient =−0.30 ± 0.15, 95% CI [−0.59, 0.00], Cohen's d=0.6). For trials
with 200 ms ISI and the control trials with retinotopic rotation,
sensitivity did not differ significantly between the two groups
(p=0.962 and p=0.990, respectively).

Likewise, the percentage of correct responses did not differ
significantly between the groups and there was no interaction between
group and ISI (p=0.652 and p=0.858, respectively). All planned
comparisons were non-significant (all ps > 0.24).

3.3. Correlations

Overall, we did not find any coherent relation between performance
and psychopathology. We correlated the positive and negative symp-
toms scores (SAPS/SANS) with group motion perception per ISI using
Pearson's r. None of the correlations was significant (Cond. 1: all ps >
0.567 for positive symptoms, all ps > 0.197 for negative symptoms;
Cond. 2: all ps > 0.540 for positive, all ps > 0.202 for negative symp-
toms). Illness duration did not correlate with the subjective ratings in
Condition 1 (all ps > 0.371). In Condition 2, illness duration only
correlated with sensitivity for the ISI of 0 ms (r =−0.489, p=0.021; all

Fig. 2. Results Condition 1. Three disks (without the white dots) were shown and we
varied the ISI. The proportion of group motion percepts increased with ISI for both
groups. We did not find any significant differences between patients and controls..
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other ps > 0.690). Chlorpromazine dose tended to correlate with group
motion perception in Condition 1 for the ISI of 0 ms (r =0.416,
p=0.06), but not for the other ISIs (all ps > 0.133). In Condition 2,
chlorpromazine dose only correlated with sensitivity for the 200 ms ISI
(r =−0.54, p=0.011; all other ps > 0.449).

4. Discussion

Non-retinotopic processing is critical in most real world situations.
For example, a reflector appears to move on an orbital trajectory on the
wheel of a moving bicycle. However, the “true” trajectory is very
different, namely, cycloidal (Fig. 4). We cannot perceive the true
motion trajectory because we subtract the horizontal motion of the
bike from the motion trajectory of the reflector. The bicycle motion
serves as a reference for the reflector motion (Duncker, 1929;
Johansson, 1974). Motion processing in the Ternus-Pikler display
follows exactly the same principles as in the bike example. Clearly,
non-retinotopic motion processing is as important as it is complex. For
this reason, we expected schizophrenia patients to be highly disturbed
in the Ternus-Pikler display, because it involves (a) global motion
processing, (b) the computation of apparent motion trajectories, and
(c) the computation of non-retinotopic motion. However, we found

patients to perform almost identical to controls.
First, we tested the subjective perception of the patients by

changing the ISI. In line with previous studies, which found diminished
apparent motion perception in patients (Sanders et al., 2013;
Chambers and Wilson, 1968; Saucer and Deabler, 1956; Saucer,
1958), we expected that the change from element to group motion
occurs at a much longer ISI in the patients, because the local,
retinotopic motion dominates the processing of the global, non-
retinotopic percept. However, if anything, patients in our study
perceived group motion for shorter ISIs than controls. Hence, there
is no evidence for a global motion deficit on the phenomenal level.

Next, we tested accuracy. We added dots to the disks and used two
ISIs, eliciting either strong element motion or strong group motion
percepts. In the case of element motion, we expected that all
participants would be unable to see the non-retinotopic and illusory
dot rotation because the retinotopic up-down, left-right dot motion
percepts dominate. This was indeed the case. In the group motion
condition, we expected patients to be much worse than controls,
because complex global motion processing is required to establish
group motion, which in turn is needed to compute the non-retinotopic
dot rotation. However, performance in patients and controls was very
similar. This is also true for the control condition, where perceiving the

Fig. 3. Results Condition 2. Participants discriminated the rotation direction of the dot in the middle disk. Results are shown in terms of sensitivity d′ (left) and percent correct
responses (right). Performance is at chance level for an ISI of 0 ms, because no group motion is perceived and the dots appear to move linearly up-down or left-right. Performance
improves for an ISI of 200 ms and in the control condition.

Fig. 4. The parts of a moving object are not perceived in retinal coordinates, but relative to the object. For example, a reflector on the wheel of a moving bicycle is perceived as circling,
although its trajectory is cycloidal in retinal coordinates. It is perceived to circle, because the linear bicycle motion is subtracted from the cycloid motion. © Marc M. Lauffs.
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dot rotation did not require non-retinotopic integration.
We like to mention that with an average d′ of around 0.6 (62–63%

correct responses), dot rotation discrimination performance was much
lower than in previous studies with healthy students (Boi et al., 2009).
Experimental procedure, stimulus size, timing and other stimulus
parameters were comparable across studies. Potentially, the difference
is explained by the fact that the participants of the current study were
older and had a more diverse educational background.

As with the Ternus-Pikler display, studies with other apparent
motion paradigms did not find differences between patients and
controls (Tschacher et al., 2008; Sanders et al., 2012; Saucer, 1958).
Sanders and colleagues (2013) did not find a significant difference
between the mean data of patients and controls. However, when they
determined the alternation rate which yielded strongest apparent
motion for each participant, significant differences between patients
and controls were found. This analysis is not possible with the Ternus-
Pikler display, because strongest group-motion percepts occur at the
longest ISI for all observers alike.

We can only speculate about why the schizophrenia patients are not
impaired in the Ternus-Pikler display. Potentially the Ternus-Pikler
display is less attention demanding than other paradigms, such as the
random dot kinematogram, where very close attention is needed. On
the contrary, both group and dot motion are easily detected in the
Ternus-Pikler display.

Whatever the exact mechanisms are, we can conclude that complex-
ity of visual processing itself is not disturbed in the patients because the
TPD requires the solution of many complex and interacting tasks.
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A R T I C L E I N F O
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A B S T R A C T

Schizophrenia impairs cognitive functions as much as perception. For example, patients perceive global motion
in random dot kinematograms less strongly, because, as it is argued, the integration of the dots into a single
Gestalt is complex and therefore deteriorated. Similarly, the perception of apparent motion is impaired, because
filling-in of the illusory trajectory requires complex processing. Here, we investigated very complex motion
processing using the Ternus-Pikler display. First, we tested whether the perception of global apparent motion is
impaired in schizophrenia patients compared to healthy controls. The task requires both the grouping of
multiple elements into a coherent Gestalt and the filling-in of its illusory motion trajectory. Second, we tested
the perception of rotation in the same stimulus, which in addition requires the computation of non-retinotopic
motion. Contrary to earlier studies, patients were not impaired in either task and even tended to perform better
than controls. The results suggest that complex visual processing itself is not impaired in schizophrenia patients.

1. Introduction

Schizophrenia impairs perception to the same extent as cognition.
While cognitive deficits are well investigated, less is known about visual
deficits, even though they are amongst the most sensitive endopheno-
types of schizophrenia (Chkonia et al., 2010).

Interestingly, simple local motion processing is not impaired in
schizophrenia, whereas global and complex motion processing are
disturbed. For example, discriminating the motion direction of simple
drifting gratings is equally good in both patients and controls (Chen
et al., 2003; Tibber et al., 2015). However, discriminating the coherent
motion direction of a small subset of dots within a cloud of randomly
moving dots, which requires both motion integration and segregation
across dots, is deteriorated by a factor of about two (Chen et al., 2003;
for a review, see Chen, 2011; Butler et al., 2008).

A special case of motion perception is apparent motion, where two
elements are flashed at different locations separated by an inter-
stimulus interval (ISI). Observers perceive motion from one element
to the other, rather than two consecutively presented elements

(Wertheimer, 1912). Apparent motion processing has been suggested
to be impaired in schizophrenia patients. However, experimental
results are mixed (Saucer and Deabler, 1956; Saucer, 1958, 1959;
Chambers and Wilson, 1986; Sanders et al., 2013; but see Sanders
et al., 2012; Saucer, 1958; Tschacher et al.,2008). A deficit might be
expected, because apparent motion needs complex processing, such as
filling in the illusory motion trajectory between the elements.

Here, we investigated even more complex motion processing in
schizophrenia by using the Ternus-Pikler display (TPD), combining
apparent motion processing and non-retinotopic interpretation. Non-
retinotopic processing is a fundamental aspect of visual perception. For
example, if visual information would be processed strictly retinotopi-
cally, eye movements could not be differentiated from real motion in
the world, which would arguably make it impossible to create a stable
image of the world. In the TPD, three disks are briefly presented on a
computer screen (Fig. 1). Following an ISI of variable duration, the
disks reappear shifted by one position to the right. After another ISI,
the disks reappear in their original position and the sequence starts
over again (see animation on http://lpsy.epfl.ch/). The ISI determines
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the global motion percept: If the ISI is long (e.g., 100 ms), the three
disks form a group that is perceived to move back and forth
horizontally (group motion; Fig. 1b). If the ISI is short (e.g., 0 ms),
two stationary disks are perceived, with the outermost disk appearing
to jump from left to right and back (element motion; Fig. 1a).

First, we parametrically varied the ISI and participants reported
whether they perceived element or group motion. Next, we added a dot
to each disk. The motion of the dot is determined by the ISI: When
element motion is perceived, the dots appear to move linearly up-down
in the left central disk and left-right in the right central disk (Fig. 1a).
In the “jumping” outermost disk, the dot is always perceived in the
center. The perceived motion is retinotopic, i.e., the percept is in
accordance with the stimulation on the retina. In the group motion
condition, the dots in the two outer disks appear stationary, whereas
the dot in the middle disk appears to rotate either clockwise or counter-
clockwise (Fig. 1b). The rotation percept is non-retinotopic, because
there is no rotation on the retina. The rotation is a combination of the
retinotopic left-right and up-down motions (see arrows in Fig. 1),
which are invisible themselves.

Global motion processing precedes local motion processing in the
Ternus-Pikler display because the global disk motion must first be
computed before the local dot motion can be computed relative to it
(Clarke et al., 2013; but see Pooresmaeili et al., 2012). Hence, patients
should be strongly deteriorated with the Ternus-Pikler display, if global
motion processing is deficient.

2. Methods

2.1. Participants

Twenty-two adults diagnosed with schizophrenia and 20 healthy
controls matched in age and education participated in the experiment.
All participants had normal or corrected-to-normal vision, with a visual
acuity of ≥0.8 (corresponding to 20/25) at least in one eye, as
determined with the Freiburg Visual Acuity Test (Bach, 1996).

Schizophrenia patients were recruited from the Tbilisi Mental
Health Hospital. Among the patients, 8 were inpatients and 14
outpatients. Healthy controls were recruited from the general popula-
tion. General exclusion criteria were drug or alcohol abuse, neurologi-
cal or other somatic illnesses. Participants were no older than 53 years.

Ethics approval was obtained in Tbilisi from the Georgian National
Council on Bioethics. All participants signed informed consent and
were informed that they could quit the experiments at any time.

Patients were diagnosed according to DSM-IV by means of an

interview based on the SCID, information of the staff, and the study of
the records. Psychopathology of schizophrenia patients was assessed by
an experienced psychiatrist (EC) by Scales for the Assessment of
Negative Symptoms and Scales for the Assessment of Positive
Symptoms (SANS, SAPS; Andreasen, 1983, 1984). All patients were
receiving neuroleptic medication. Chlorpromazine equivalents and
group characteristics are depicted in Table 1. Severity of positive and
negative symptoms and CPZ dose were comparable to earlier studies
with subjects from the same hospital (e.g., Plomp et al., 2013) and a
hospital in Bremen, Germany (Herzog et al., 2004; Grimsen et al.,
2013). In- and outpatients did not fundamentally differ in terms of age,
illness duration, education, negative symptoms (SANS) and medication
dose. Positive symptoms (SAPS) were higher in the inpatient group
(M(SD) =11.0(3.6) vs. 8.1(3.0); t(20) =2.05, p=0.053), who on average
also received higher medication doses (chlorpromazine M(SD)
=697(429) vs. 556(366); t(19) =0.8, p=0.434). The medication data
for one patient were not available.

2.2. Stimuli and task

Participants were tested in a dimly lit room. Stimuli were presented
at a distance of 0.6 m on a Dell Latitude E5540 laptop (1920*1080 px,
60 Hz) and were programmed with Matlab and Psychtoolbox
(Brainard, 1997; Pelli, 1997).

We used a variant of the Ternus-Pikler display (Fig. 1; Ternus,
1926; Pikler, 1917). In each stimulus frame, two horizontally aligned,
equidistant black disks were presented for 133 ms, followed by a blank-
screen ISI of variable duration. Participants were instructed to fixate on
a fixation point presented between and below the two disks. A third
disk was displayed either to the left or the right, alternating position

Fig. 1. Ternus-Pikler display. Three black disks with white dots are presented (in Cond. 1, the dots were not presented). After an ISI, the disks reappear shifted to the right by one
position, so that the leftmost disk in frame 2 spatially overlaps with the middle disk in frame 1. Following another ISI the sequence starts over again. a) For short ISIs, the two central
disks are perceived as stationary and the dots appear to move linearly up-down (left disk) and left-right (right disk). The outermost disk appears to “jump” back and forth. The arrows
indicate the perceived object correspondence (arrows were not shown in the experiment). b) For long ISIs, the three disks are perceived to move left-right in tandem. In the middle disk,
a dot appears to rotate. The dot rotation is a non-retinotopic combination of the linear up-down and left-right motions, which are themselves not visible. c) As a control condition, we
presented the three disks without lateral displacement and with a long ISI of 200 ms. The dot in the middle disk rotates either clockwise or counterclockwise. This rotation is retinotopic.
© Marc M. Lauffs.

Table 1
Demographic data (mean ± S.D.) of schizophrenia patients and healthy controls.

Schizophrenia patients Healthy controls

N 22 20
Age (years) 39.5 ± 9.3 40.4 ± 7.6
Gender (f/m) 5/17 6/14
Education level (years) 13.3 ± 2.4 14.85 ± 2.4
Duration of illness

(years)
15 ± 9.1

SANS 10.23 ± 5.5
SAPS 9.4 ± 3.45
CPZ 609.82 ± 387.1
Handedness (R/L) 22/0 20/0
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with every frame. The start side of the third disk was chosen randomly
with equal probability. Depending on the ISI, there were two percepts:
At short ISIs, the two central disks are perceived as stationary at one
location, while the third disk is “jumping” from left to right and vice
versa (element motion, EM, Fig. 1a). At long ISIs, the three disks
appear to move in tandem from left to right and back (group motion,
GM, Fig. 1b).

Each trial comprised seven stimulus frames, interleaved by ISIs,
and followed by a blank screen of 0.75 s before the next trial started. In
Condition 1, the ISI was chosen randomly with equal probability from
0, 17, 33, 50, 67, 200 ms for each trial. In the case of an ISI of 0 ms, the
stimulus frames followed each other without intermittent blank screen
and the stimulus onset asynchrony was equal to the duration of one
stimulus frame (133 ms). Ten trials for each ISI were presented
randomly (60 trials in total). The task was to indicate, via push-button
presses, whether element motion or group motion prevailed.

In Condition 2, a dot was added to each disk (Fig. 1). Only four
frames with dots were presented, preceded by two and followed by one
frame without dots. We used only ISIs of 0 and 200 ms, which elicit
strong element and group motion percepts, respectively. For each ISI,
24 trials were presented in random order. Trials with clockwise and
counterclockwise rotation were presented in random order with equal
probability. Participants indicated, via push-button presses, whether
they perceived clockwise or counterclockwise rotation. In condition 2,
we randomly interleaved 12 control trials in which the three disks were
presented in the same position in each frame, resulting in a retinotopic
rotation of the middle disk (Fig. 1c). For these trials, an ISI of 200 ms
was used.

2.3. Stimulus specifics

The disks had a diameter of 1.6° and were presented 0.8° above a
central fixation point (red square with 0.07° side lengths). The center-
to-center inter-disk distance was 1.9°. The white dots had a diameter of
0.25° and were presented halfway between the disk's center and rim.
Background color of the screen was midlevel gray. The start orientation
of the rotating dot was chosen randomly to be at 0, 90, 180 or 270
degrees. When a participant failed to respond within 3 s, a beep
indicated the omission and the trial was repeated at a random later
moment. No other feedback was given.

2.4. Statistical analysis

All statistical tests were performed in the free and open-source
JASP software (Love et al., 2015). Mixed ANOVAs were Greenhouse-
Geisser corrected where appropriate. T-tests for unequal variances
(Welch's test) were used where appropriate. Uncorrected tests led to
the same conclusions in all cases.

3. Results

3.1. Condition 1: Group vs. element motion

In Condition 1, the proportion of trials in which group motion was
reported increased monotonically with ISI, in both patients and healthy
controls (Fig. 2). Overall, neither group reported significantly more
group motion than the other (F(1,40)=0.710, p=0.404, η2=0.017, 95%
CI for Mcontrol – Mpatient =[−13.5%; 5.6%]). There was also no
significant interaction between group and ISI in a mixed ANOVA
design (F(5, 200)=1.367, p=0.256, η2=0.008, ε=0.601). This shows
that the increase in group motion percepts in patients was not
significantly different from that in controls. Even without correcting
for multiple comparisons, t-tests per ISI were all statistically non-
significant.

As can be seen in Fig. 2, patients reported slightly more group
motion percepts than controls for the trials with ISIs between 0 and

50 ms and slightly less at the longest ISI of 200 ms. We suggest that
these differences are mainly explained by patients’ tendency to be more
variable in their responses. For example, at the shortest ISI, control
subjects reported group motion in only 0.5% (SD=2.24) of the trials.
Since it can hardly be lower, the higher variance in patients (SD=17.44)
necessarily leads to a higher mean. The inverse holds for the longest
ISI, where controls reported group motion perception in 94.5% of the
trials, and more variable responding can only lead to a lower mean.
Supporting our suggestion, Levene's test for equality of variances was
highly significant for ISIs 0 and 50 ms (p≤0.001) and close to
significance for ISI 200 ms (p=0.055).

3.2. Condition 2: Rotation discrimination

In Condition 2, white dots were added to the disks and participants
indicated whether the central dot rotated clockwise or counterclock-
wise. We computed d′, a bias-free measure of sensitivity (Fig. 3a; Abdi,
2007; Macmillan and Creelman, 2005) but we also show results as the
percentage of correct responses (Fig. 3b).

Patients’ and controls’ sensitivity did not differ significantly overall,
nor was there an interaction between group and ISI (p=0.616 and
p=0.683, respectively). For the 0 ms ISI, element motion was perceived
and the rotation was invisible. Clockwise/counterclockwise discrimina-
tions were at chance level. Patients had a non-significantly higher
sensitivity than healthy controls (t(40)=−2.02, p=0.051, Mcontrol –
Mpatient =−0.30 ± 0.15, 95% CI [−0.59, 0.00], Cohen's d=0.6). For trials
with 200 ms ISI and the control trials with retinotopic rotation,
sensitivity did not differ significantly between the two groups
(p=0.962 and p=0.990, respectively).

Likewise, the percentage of correct responses did not differ
significantly between the groups and there was no interaction between
group and ISI (p=0.652 and p=0.858, respectively). All planned
comparisons were non-significant (all ps > 0.24).

3.3. Correlations

Overall, we did not find any coherent relation between performance
and psychopathology. We correlated the positive and negative symp-
toms scores (SAPS/SANS) with group motion perception per ISI using
Pearson's r. None of the correlations was significant (Cond. 1: all ps >
0.567 for positive symptoms, all ps > 0.197 for negative symptoms;
Cond. 2: all ps > 0.540 for positive, all ps > 0.202 for negative symp-
toms). Illness duration did not correlate with the subjective ratings in
Condition 1 (all ps > 0.371). In Condition 2, illness duration only
correlated with sensitivity for the ISI of 0 ms (r =−0.489, p=0.021; all

Fig. 2. Results Condition 1. Three disks (without the white dots) were shown and we
varied the ISI. The proportion of group motion percepts increased with ISI for both
groups. We did not find any significant differences between patients and controls..
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other ps > 0.690). Chlorpromazine dose tended to correlate with group
motion perception in Condition 1 for the ISI of 0 ms (r =0.416,
p=0.06), but not for the other ISIs (all ps > 0.133). In Condition 2,
chlorpromazine dose only correlated with sensitivity for the 200 ms ISI
(r =−0.54, p=0.011; all other ps > 0.449).

4. Discussion

Non-retinotopic processing is critical in most real world situations.
For example, a reflector appears to move on an orbital trajectory on the
wheel of a moving bicycle. However, the “true” trajectory is very
different, namely, cycloidal (Fig. 4). We cannot perceive the true
motion trajectory because we subtract the horizontal motion of the
bike from the motion trajectory of the reflector. The bicycle motion
serves as a reference for the reflector motion (Duncker, 1929;
Johansson, 1974). Motion processing in the Ternus-Pikler display
follows exactly the same principles as in the bike example. Clearly,
non-retinotopic motion processing is as important as it is complex. For
this reason, we expected schizophrenia patients to be highly disturbed
in the Ternus-Pikler display, because it involves (a) global motion
processing, (b) the computation of apparent motion trajectories, and
(c) the computation of non-retinotopic motion. However, we found

patients to perform almost identical to controls.
First, we tested the subjective perception of the patients by

changing the ISI. In line with previous studies, which found diminished
apparent motion perception in patients (Sanders et al., 2013;
Chambers and Wilson, 1968; Saucer and Deabler, 1956; Saucer,
1958), we expected that the change from element to group motion
occurs at a much longer ISI in the patients, because the local,
retinotopic motion dominates the processing of the global, non-
retinotopic percept. However, if anything, patients in our study
perceived group motion for shorter ISIs than controls. Hence, there
is no evidence for a global motion deficit on the phenomenal level.

Next, we tested accuracy. We added dots to the disks and used two
ISIs, eliciting either strong element motion or strong group motion
percepts. In the case of element motion, we expected that all
participants would be unable to see the non-retinotopic and illusory
dot rotation because the retinotopic up-down, left-right dot motion
percepts dominate. This was indeed the case. In the group motion
condition, we expected patients to be much worse than controls,
because complex global motion processing is required to establish
group motion, which in turn is needed to compute the non-retinotopic
dot rotation. However, performance in patients and controls was very
similar. This is also true for the control condition, where perceiving the

Fig. 3. Results Condition 2. Participants discriminated the rotation direction of the dot in the middle disk. Results are shown in terms of sensitivity d′ (left) and percent correct
responses (right). Performance is at chance level for an ISI of 0 ms, because no group motion is perceived and the dots appear to move linearly up-down or left-right. Performance
improves for an ISI of 200 ms and in the control condition.

Fig. 4. The parts of a moving object are not perceived in retinal coordinates, but relative to the object. For example, a reflector on the wheel of a moving bicycle is perceived as circling,
although its trajectory is cycloidal in retinal coordinates. It is perceived to circle, because the linear bicycle motion is subtracted from the cycloid motion. © Marc M. Lauffs.
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dot rotation did not require non-retinotopic integration.
We like to mention that with an average d′ of around 0.6 (62–63%

correct responses), dot rotation discrimination performance was much
lower than in previous studies with healthy students (Boi et al., 2009).
Experimental procedure, stimulus size, timing and other stimulus
parameters were comparable across studies. Potentially, the difference
is explained by the fact that the participants of the current study were
older and had a more diverse educational background.

As with the Ternus-Pikler display, studies with other apparent
motion paradigms did not find differences between patients and
controls (Tschacher et al., 2008; Sanders et al., 2012; Saucer, 1958).
Sanders and colleagues (2013) did not find a significant difference
between the mean data of patients and controls. However, when they
determined the alternation rate which yielded strongest apparent
motion for each participant, significant differences between patients
and controls were found. This analysis is not possible with the Ternus-
Pikler display, because strongest group-motion percepts occur at the
longest ISI for all observers alike.

We can only speculate about why the schizophrenia patients are not
impaired in the Ternus-Pikler display. Potentially the Ternus-Pikler
display is less attention demanding than other paradigms, such as the
random dot kinematogram, where very close attention is needed. On
the contrary, both group and dot motion are easily detected in the
Ternus-Pikler display.

Whatever the exact mechanisms are, we can conclude that complex-
ity of visual processing itself is not disturbed in the patients because the
TPD requires the solution of many complex and interacting tasks.
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Introduction 

Spatial covert attention allows us to grant priority in processing of visual information 

gathered from a specific location without making eye movements to that location (e.g., 

Posner, 1980). An extensive amount of evidence suggests that spatial attention has two 

components: a faster component, attracted to a location by sudden changes in the display – 

'transient attention'; and a voluntary slower component, controlled by our goals – 'sustained 

attention' (e.g., Cheal & Lyon, 1991; Jonides, 1981; Muller & Rabbitt, 1989; Nakayama & 

Mackeben, 1989; Posner, 1980; Remington, Johnston & Yantis, 1992). These two attentional 

components have been found to have different effects on behavior, suggesting separate 

attentional mechanisms (e.g., Briand, 1998; Hein, Rolke & Ulrich, 2006; Klein, 1994; 

Yeshurun & Carrasco 2008). In this study we focus on the sustained component of attention 

and examine its effect on feature fusion.  

Feature fusion occurs when two stimuli, which differ in one feature, are presented briefly and 

in rapid succession at the same retinotopic location. Instead of two separate objects, observers 

typically report perceiving a single object, whose feature is a combination of the features of 

the two objects (e.g., Efron, 1967; 1973; Hermens, Scharnowski & Herzog, 2009). For 

example, if a red disk and a green disk are presented in rapid succession, the color of the two 

disks is fused and a single yellow disk is perceived (e.g., Efron, 1967; 1973; Yund, Morgan, 

& Efron, 1983). Similarly, if a vernier stimulus is immediately followed by another vernier 

stimulus with an offset opposite to the first one (i.e., an antivernier), the offsets of the two 

stimuli fuse and a single vernier is perceived. Since the offsets of the two verniers are in 

opposite directions they partly cancel each other, so that the perceived vernier offset is much 

smaller (Figure 1). The small perceived offset is in the direction of the second stimulus’ 

offset (e.g., Herzog, Leseman, & Eurich, 2006; Herzog, Parish, Koch, & Fahle, 2003; 

Scharnowski, Hermens, & Herzog, 2007; Scharnowski, Hermens, Kammer, Ogmen, & 



Herzog, 2007). For example, when a red disc is followed by a green disc, the fused disc 

appears yellow with a slight greenish tone, whereas a green disc followed by a red disc looks 

slightly reddish (e.g., Efron, 1967; 1973; Yund et al., 1983). Likewise, a vernier stimulus 

followed by an antivernier stimulus results in a fused vernier with a slight offset in the 

direction of the antivernier stimulus (e.g., Herzog et al., 2003; 2006; 2007; Scharnowski et 

al., 2003).  

Feature fusion is considered to be a measure of temporal integration, because the features of 

the two stimuli are integrated across time into a single, coherent, perceptual object. 

Scharnowski, Hermens, Kammer et al. (2007) proposed a model that describes feature fusion 

as a process that dynamically links the activity of neurons coding the offset of the individual 

verniers. According to this model, feature detector neurons code the offset information (left 

or right) of the individual verniers. Then, their activation is fed into an integration neuron. 

Elements presented later influence perception more strongly than earlier ones because the 

signal of the preceding vernier decays more than that of the trailing antivernier, causing the 

antivernier to dominate the percept. This model can also account for findings demonstrating 



that once a sequence of more than one vernier (v) and antivernier (av) is employed, the offset 

direction of the final percept is highly dependent on the verniers’ temporal order and 

durations. For example, when presenting a v-av-v sequence, increasing the duration of the 

second vernier in the sequence (i.e., the third stimulus) increased vernier dominance to a 

larger degree than when the duration of the first vernier was increased, even though the 

energy of the verniers and antivernier was equal in both cases (e.g., Scharnowski, Hermens, 

& Herzog, 2007) 

Although the model can account for a good deal of the available behavioral data, it can be 

argued that feature fusion is merely a case of backward masking, in which the antivernier 

masks the vernier. Yet, with backward masking the visibility of a target is impaired by the 

mask, whereas with feature fusion one fused vernier is clearly perceived. Critically, with 

backward masking a more prominent mask generates larger masking effects (i.e., results in 

poorer target visibility). In contrast, with feature fusion displays, when the single antivernier 

is replaced by a grating composed of 25 antiverniers (i.e., a considerably stronger ‘mask’), 

the vernier dominates the final perception (i.e., it becomes more visible; e.g., Herzog, Fahle, 

& Koch, 2001; Herzog & Koch, 2001; Hermens et al., 2009; 2010). Furthermore, which of 

the two stimuli (the vernier or the antivernier) dominates perception and to what degree 

seems to depend strongly on the spatio-temporal parameters of the grating. For instance, 

previous studies (e.g., Hermens et al., 2009) have shown that when the antivernier is 

embedded in a grating of aligned verniers rather than in a grating of antiverniers as described 

above, the vernier dominance is slightly reduced. Similarly, increasing the spacing between 

the elements of the grating reduces vernier dominance. These findings have been interpreted 

in terms of spatial grouping: When the second stimulus was an antivernier embedded in an 

array of similar antivernier stimuli, it spatially grouped with the surrounding stimuli, and this 

prevented temporal fusion with the preceding vernier stimulus. Decreasing similarity between 



the second stimulus and the antiverniers in which it was embedded, or increasing the distance 

between them prevented spatial grouping between the elements in the grating, allowing at 

least partial fusion to reappear. Overall, these results suggest that feature fusion is not a 

simple case of backward masking.  

The current study examined the effect of spatial sustained attention on feature fusion. Feature 

fusion, as well as the spatiotemporal interaction that emerges when the antivernier is 

embedded in a grating, are considered to occur at an early stage of visual information 

processing (Hermens et al., 2009, 2010). Research on the effects of spatial attention on early 

visual processing provides some reasons to suppose that feature fusion might be affected by 

spatial attention. It is well established that attention improves early aspects of visual 

perception such as contrast sensitivity (e.g., Carrasco, Penpeci-Talgar, & Eckstein, 2000; 

Cameron, Tai, & Carrasco, 2002; Lu & Dosher, 1998, 2000; Dosher & Lu, 2000; Huang & 

Dobkins, 2005; Smith, Wolfgang, & Sinclair, 2004; Solomon, 2004) and spatial resolution 

(e.g., Carrasco, Williams, & Yeshurun, 2002; Golla, Ignashchenkova, Haarmeier, & Their, 

2004; Yeshurun & Carrasco, 1998, 1999). For instance, regarding spatial resolution, it has 

been found that the advance allocation of spatial attention improves performance in acuity 

tasks such as the detection of a small spatial gap with ‘Landolt-squares’ (e.g., Carrasco et al., 

2002; Golla et al., 2004; Yeshurun & Carrasco, 1999), as well as hyperacuity tasks like 

discrimination of offset-direction with vernier targets (e.g., Yeshurun & Carrasco, 1999). In 

addition, directing attention to the target location of a texture target enhanced the ability to 

segment it from the texture background when this target appeared in the periphery where the 

spatial resolution was too low for the scale of the texture, but impaired performance at more 

central locations where the spatial resolution was too high (Yeshurun & Carrasco, 1998, 

2000). 



Spatial attention has also been found to affect temporal aspects of visual processing. For 

instance, it has been found that transient spatial attention degrades temporal resolution – the 

ability to resolve rapid luminance changes in time. Using the two-flash fusion paradigm, 

several studies demonstrated that observers' ability to detect a brief temporal gap occurring 

between two successive light flashes was reduced when observers allocated their attention in 

advance to the flashes location (e.g., Rolke, Dinkelbach, Hein, & Ulrich, 2008; Yeshurun, 

2004; Yeshurun & Levy, 2003). Similarly, Hein, Rolke, and Ulrich (2006) demonstrated that 

automatically oriented attention impairs temporal order discrimination of two spatially 

adjacent dots, whereas voluntary oriented attention enhances it. Attentional effects were also 

found for the opposing temporal process. Visser and Enns (2001) examined the effects of 

attention on temporal integration, using the attentional blink paradigm. In this paradigm 

participants are presented with two targets, separated by a temporal lag typically ranging 

from 100 ms to 700 ms. When participants are asked to identify the two targets they usually 

demonstrate near perfect identification of the first target, whereas the identification of the 

second target varies as a function of the lag. Second target identification rates are poorest at 

shorter lags and they increase as lag duration increases (Ramond, Shapiro, & Arnell, 1992). It 

is suggested that the failure in the identification of the second target for shorter lags can be 

attributed to impoverished attention resources due to the processing of the first target 

(Shapiro, Arnell, & Raymond, 1997). To measure temporal integration, Visser and Enns used 

as the second target a 5 x 5 dots matrix of which one dot was missing. The task was to 

localize the missing dot. Critically, the dot matrix was divided into two consecutive frames, 

each composed of 12 dots (25 dots minus the missing dot). Hence, dot localization required 

integrating the two frames across time. Temporal integration was manipulated by varying the 

inter-stimulus interval (ISI) between frames. As expected, missing dot localization improved 

with shorter ISIs that allow the two matrix frames to integrate across time. However, this 



performance enhancement was less evident when the matrix frames appeared within the time 

window of the attentional blink (i.e., when the matrix was presented in close temporal 

proximity to the first target). This finding suggests that under limited attentional resources 

temporal integration is shortened (Visser & Enns, 2001).  

Given these demonstrations of attentional effects on early visual processing, it is reasonable 

to assume that spatial attention will also affect feature fusion. In the current study we tested 

this hypothesis. So far feature fusion was only examined in the fovea. However, in order to 

manipulate spatial attention the visual display should involve spatial uncertainty. To achieve 

that, we presented the feature fusion display in the periphery, and manipulated spatial 

sustained attention by varying the degree of uncertainty regarding the stimulus location. The 

attended condition was a full certainty condition, in which the stimuli – a vernier followed by 

an antivernier – appeared at the same peripheral location throughout the entire block. This 

allowed the observers to allocate spatial attention in advance to the stimulus location. In the 

unattended condition, spatial uncertainty was introduced: The stimuli could equally likely 

appear in one of two possible peripheral locations (to the right or left of fixation). Hence, in 

this condition the observers could not allocate attention to the stimulus location in advance. 

Experiments 1a and 1b examined whether spatial sustained attention affects feature fusion 

with and without measuring eye-movements. Experiment 2 explored the mechanism 

underlying the observed attentional effect. In all three experiments, the observers had to 

report their perceived offset direction, and we measured how often observers reported an 

offset that matches that of the first stimulus (the vernier offset). If the vernier offset report 

rate was above 50% it indicated that the vernier dominated the final percept (vernier 

dominance), and if it was below 50% it indicated that the antivernier (the second stimulus) 

dominated perception (antivernier dominance). If the vernier offset report was around 50% it 

indicated that the vernier and the antivernier had a similar contribution to the final percept 



(Hermens et al., 2009). Here, we examined the effect of attention on feature fusion by 

comparing the reported vernier offset direction in the attended and unattended condition. If 

attention can affect feature fusion, the degree of vernier/antivernier dominance will be 

different in the two attentional conditions. 

Experiments 1a and 1b 

Experiment 1a and 1b were designed to examine whether spatial sustained attention can 

affect feature fusion. To that end, we measured the extent to which feature fusion occurs with 

and without sustained attention. In both experiments, feature fusion was produced using a 

vernier and an antivernier, presented one after the other in the same location with no 

intermediate time interval. In the attended condition, the stimulus sequence appeared at the 

same peripheral location throughout the entire block. The participants were informed of this 

location before the block, stimulus location, which enabled them to attend this location in 

advance. In the unattended condition, the stimuli could appear in one of two possible 

locations, producing spatial uncertainty, which prevented the advance allocation of attention 

to the stimulus location. 

Experiments 1a and 1b were similar in terms of stimuli and procedure, but in Experiment 1b 

eye-movements were tracked to rule out the possibility that any effect found in Experiment 

1a might be, at least partially, due to eye movements. If spatial covert attention indeed affect 

feature fusion we should get similar results with and without controlling for eye-movements. 

Methods  

Participants. Eight students from the University of Haifa participated in Experiment 

1a, and ten students from the École Polytechnique Fédérale de Lausanne (EPFL) participated 

in Experiment 1b. Participants in both experiments were naive to the purpose of the study, 

and had normal or corrected to normal vision. The visual acuity of all participants was tested 



using the Freiburg visual acuity test (Bach, 1996). Observers had to score at least 1.0 on this 

test (corresponding to 20/20) in order to participate. This study adhered to the Declaration of 

Helsinki. 

Stimuli and apparatus.  In Experiment 1a stimuli were presented on a 21” CRT 

monitor of a PowerMac G4 computer (1,024 × 768 resolution at refresh rate of 120 Hz), 

using MATLAB and the Psychophysics Toolbox extensions (Brainard, 1997). A dim 

background light illuminated the room. In Experiment 1b the stimuli were presented on a 

standard 24” LCD Asus VG248QE computer screen (1920x1080 resolution at refresh rate 

120Hz). Also, unlike Experiment 1a, in this experiment eye-movements were recorded using 

an SMI iViewX Hi-Speed 1250 Eyetracker. Data were recorded binocularly at 500Hz but 

immediately averaged over both eyes to reduce noise.  

The stimuli in both experiments were composed of a sequence of a white vernier and 

antivernier presented on a black background. The vernier consisted of two vertical lines, each 

measuring 10' (arc minutes) in height. The two lines were separated by a 1' vertical gap, and 

were slightly offset horizontally (randomly to the right or left with equal probability). The 

antivernier had the same spatial parameters as the vernier, except that its offset was in the 

opposite direction of the vernier (Figure 1). If the vernier was offset to the left, the antivernier 

was offset to the right and vice versa.  

In both experiments the horizontal offset was adjusted for each participant, but using different 

methods. In Experiment 1a the offset adjustment took place in a preliminary session 

consisting of 6 blocks of 84 trials per each block. In this session, the participants performed 

the experimental task with several offset sizes, and the vernier-antivernier sequence always 

appeared to the right of fixation. The chosen offset had to meet two criteria: (1) It had to yield 

around 30% vernier dominance (i.e., the vernier offset direction was reported in 30% of the 

trials); (2) Participants had to perceive only one fused vernier with no apparent motion 



percept. This was based on the finding that with large offset sizes some participants reported 

seeing the upper and lower segments move in opposite directions (Scharnowski, Hermens, 

Kammer et al., 2007). The chosen horizontal offsets ranged from 60'' to 120'' (Mode = 120''). 

In Experiment 1b the offsets were adjusted using a PEST staircase procedure, such that the 

determined offset yielded 25% vernier dominance. The staircase procedure was conducted in 

the same session but in separate blocks. Each of these blocks consisted of 80 trials identical 

to the experimental trials in the attended condition. The adjusted offset sizes ranged from 18'' 

to 98'' (Mode=35'').  

In the experimental session of both experiments there were two attentional conditions. In the 

attended condition, the vernier-antivernier sequence was always presented to the right of 

fixation at 2° of eccentricity. In the unattended condition, the stimuli could appear either to 

the right or to the left of fixation, with equal probability, at 2° of eccentricity. 

Procedure.  In both experiments participants viewed the stimuli from a distance of 2 

m, and were asked to fix their gaze on a central fixation cross throughout the entire trial. Each 

trial began with a fixation cross. In Experiment 1a the fixation cross was presented for 750 

ms, followed by the vernier-antivernier sequence, each presented for 30 ms with no ISI. In 

Experiment 1b the stimuli were only presented after a fixation on the central fixation cross 

was detected. Vernier and antivernier presentation time was identical to that of Experiment 

1a, which was too brief to allow for eye movements to occur before the end of the 

presentation (Fischer & Ramsperger, 1984; Gezeck, Fischer, & Timmer, 1997; Rohrer & 

Sparks, 1993). 

The remaining of the procedure was identical in both experiments. The offset direction of the 

vernier was equally often to the right or to the left, presented in a random order. Each 

attentional condition was tested in three separate blocks, each consisting of 80 trials. The 

order of the blocks was randomized across participants and the participants knew in advance 



which block they were about to perform (one vs. two possible locations). The participants’ 

task was to indicate the perceived offset direction (i.e., whether the upper line of the vernier 

was to the left or to the right of the lower line).

Before the experimental session, each participant performed a short practice session 

comprised of 20 trials per attentional condition.  

Results and discussion  

Overall, in both Experiment 1a and 1b, the percentage of trials in which the observers 

reported the vernier offset was lower than 50% (Figure 2). Thus, the results of this 

experiment replicate those of previous studies demonstrating that under such presentation 

conditions the offset of the antivernier dominates perception (e.g., Herzog et al., 2003; 

Herzog et al., 2006; Scharnowski, Hermens, Kammer et al., 2007). Most important for the 

goal of the current study, in both experiments, antivernier dominance differed in the two 

attentional conditions. Specifically, antivernier dominance was higher in the attended 

condition than in the unattended condition. A one-way repeated-measures ANOVA, 

performed on the vernier offset report rate, indicated that this effect was highly significant 

(Experiment 1a: F(1,7) = 42.76, p < 0.0003; Experiment 1b: F(1,9) = 26.21, p < 0.0006), 

though as evident in Figure 2 the effect in Experiment 1b was smaller (t(15) = 4.07, p < 

0.0006). This difference in the effect size between the two experiments will be discussed in 

more detail in the General discussion section. These findings suggest that sustained spatial 

attention affects feature fusion. Specifically, with attention the final fused percept was clearer 

than without attention. Moreover, the fact that the effect of attention on feature fusion was 

found even when eye movements were precluded (i.e., Experiment 1b) suggests that the 



effect observed in Experiment 1a was not merely due to eye movements, rather it is indeed 

due to the allocation of covert attention to the stimulus location. 

Because feature fusion is considered to occur at a relatively early stage of visual processing, 

these results are consistent with previous studies demonstrating the effect of spatial attention 

on early or basic aspects of visual processing, such as contrast sensitivity and spatial 

resolution (reviewed in Carrasco & Yeshurun, 2009). Yet, the nature of this attentional effect 

remains unclear. Experiment 2 aimed to provide a better understanding of the attentional 

mechanism responsible for feature fusion enhancement.  

  

Experiment 2 

Experiments 1a and 1b showed that antivernier dominance, which typically serves as a 

marker for feature fusion, increased when participants allocated attention in advance to the 

stimulus location. This finding suggests that sustained spatial attention can affect feature 

fusion. In the current experiment we examined the mechanism underlying this effect of 

Figure 2. Vernier dominance (percentage of vernier offset report) as a function of the attentional 
conditions in Experiments 1a and 1b. Error bars correspond to one standard error of the mean.  



attention on feature fusion. One possible explanation of this finding is that attention improves 

the quality of the representation of each of the stimuli in the sequence and therefore results in 

a better representation of the fused percept. One mechanism by which attention might exert 

this kind of effect is signal enhancement. According to the signal enhancement hypothesis, 

attention improves stimulus encoding at the attended location (e.g., Bashinski & Bacharach, 

1980; Carrasco & Yeshurun, 1998; Downing, 1988; Lu & Dosher, 1998; Posner, 1980).  

In the current study we tested the hypothesis that attention affects feature fusion by enhancing 

the representation of the final percept. We took advantage of the fact that the final percept of 

the fusion stimuli can be modified by manipulating the duration of the stimuli. Specifically, if 

the duration of the first stimulus in the sequence (the vernier) is longer than the duration of 

the second stimulus (the antivernier), its offset dominates the final fused percept (vernier 

dominance). In contrast, if the duration of both stimuli is equal, as was the case in 

Experiments 1a and 1b, the offset of the second stimulus, the antivernier, dominates 

perception (e.g., Scharnowski, Hermens & Herzog, 2007). Hence, if attending to the 

sequence location results in improved representation of the fused percept, this percept should 

be enhanced regardless of its direction (i.e., regardless of whether it reflects vernier 

dominance or antivernier dominance). 

To test this hypothesis we included in this experiment the same attention conditions, but also 

two 'dominance' conditions: 25% and 75% vernier dominance. The 25% dominance condition 

was identical to Experiment 1b. That is, the duration of the two stimuli in the sequence was 

equal and the staircase procedure was designed to yield 25% vernier dominance. In the 75% 

dominance condition the vernier was presented twice as long as the antivernier and the 

staircase procedure was designed to yield 75% vernier dominance. Finally, for comparison, 

we also added a ‘single vernier‘ condition in which only the vernier was presented (i.e., 

fusion was not involved).  



If sustained attention affects feature fusion through signal enhancement then it should 

strengthen the already dominant percept. That is, in the 25% condition we expected to 

replicate the results of Experiments 1a and 1b: Antivernier dominance should be higher in the 

attended condition compared to the unattended condition. In the 75% condition, the more 

prominent percept is a fused vernier with an offset direction corresponding to that of the 

vernier, therefore in this condition, we expected to find higher vernier dominance in the 

attended than the unattended condition. As for the single vernier condition, Yeshurun and 

Carrasco (1999) previously found that spatial transient attention enhances vernier offset 

discrimination. This result was interpreted in terms of signal enhancement. However, while 

that study employed transient attention manipulated via peripheral cues, our study focuses on 

the sustained component of spatial attention. It has been previously argued that transient and 

sustained attention operate at different stages within the visual system, which may account 

for the fact that sometimes they show differential effects on performance (e.g., Briand, 1998; 

Chicaa, Bartolomeoa, & Lupiánez, 2013; Hein et al., 2006; Klein, 1994; Yeshurun & 

Carrasco, 2008). Thus, the effect of transient attention on vernier offset discrimination may or 

may not be replicated with sustained attention. If sustained spatial attention can also affect 

vernier offset discrimination via signal enhancement, we expected to replicate the results of 

Yeshurun and Carrasco (1999). In addition, because the single vernier condition does not 

involve fusion it also allows us to test whether sustained attention affects feature fusion in a 

unique manner, which is different from its effect on a single vernier offset discrimination. 

Method 

Participants.  Eleven students from the École Polytechnique Fédérale de Lausanne 

(EPFL) participated in this experiment; all were naive to the purpose of the study, and had 

normal or corrected to normal vision. Their visual acuity was assessed as in Experiment 1b.



Stimuli, apparatus and procedure.   The stimuli, apparatus and procedure were 

identical to Experiment 1b except for the following: Two vernier dominance conditions were 

used, 25% and 75%. The 25% condition was identical to that of Experiment 1b. Both stimuli 

were presented for 30 ms and the staircase procedure performed before the experimental 

session was set to generate a final offset that yields 25% vernier dominance. In the 75% 

condition the vernier was presented for 30 ms and the antivernier was presented for 15 ms. 

Additionally, the staircase procedure was set to generate a final offset that yields 75% vernier 

dominance. In the single vernier condition a single vernier stimulus was presented for 30 ms, 

with an offset identical to that used in the 25% condition. Chosen offset sizes ranged from 

50'' to 60'' (Mode = 60'') in the 25% condition, and from 55'' to 120'' (Mode = 55'') in the 75% 

condition.  

Each dominance condition was run for four blocks of 80 trials, two blocks per attentional 

condition. The single vernier blocks were always run at the end of the session (i.e., after the 

25% and 75% conditions). Whether the 75% or the 25% condition was run first was 

counterbalanced across participants.   

Results and discussion  

A two-way repeated-measures ANOVA, with the factors dominance (25%, 75%, single) and 

attention (attended, unattended), was conducted on the vernier offset report rate. As expected 

given previous studies who used a duration manipulation (e.g., Scharnowski, Hermens, & 

Herzog, 2007), there was a significant main effect for the dominance condition (F(2,10) = 

49.41, p < 0.0001; Figure 3): In the 25% condition the antivernier dominated the percept, 

whereas the vernier dominated in the 75% and single conditions (Figure 3). There was no 

main effect of attention, but the interaction was highly significant (F(2,10) = 39.89, p < 

0.0005). t-tests indicated that the effect of attention in all three dominance conditions was 

significant, but in opposite directions: In the 25% condition, vernier offset report was lower 



in the attended than unattended condition (t(10) = 5.95, p < 0.0001), or in other words, 

antivernier dominance was higher in the attended than the unattended condition. This finding 

replicates the results of Experiments 1a and 1b. In contrast, in the 75% condition, the vernier 

offset report rate was significantly higher in the attended than unattended condition (t(10) = 

5.94, p < 0.0001), or in other words, vernier dominance was higher in the attended than 

unattended condition. Finally, in the single vernier condition, the vernier offset report rate 

was also significantly higher in the attended than unattended condition (t(10) = 4.073, p < 

0.0011), as expected if sustained attention improves vernier offset discrimination. 

Thus, as predicted by the signal enhancement hypothesis, allocating sustained attention to the 

stimulus location strengthened the final fused percept that was dominant under divided 

diffused attention. That is, as detailed above, in the 25% condition the antivernier offset 

dominates, and this antivernier dominance is even higher with attention. In the 75% 

condition, the longer duration of the vernier compensates for its larger degree of decay and its 

offset dominates the fused percept. As with the 25% condition, the already dominant percept 

is even stronger with attention.   



Interestingly, as can be seen in Figure 3, the effect of attention (i.e., the difference between 

attended and unattended conditions) in the 25% condition (M = 13.85) is about twice as large 

as the attentional effect in the 75% or single vernier conditions (M = 6.14 and M = 7.11, 

respectively). To test whether this difference is reliable statistically, we performed a one-way 

repeated-measures ANOVA on this difference between the attentional conditions, with 

dominance (25%, 75%, single) as the within-subject factor. This analysis revealed a 

significant effect of dominance (F(2,10) = 7.28, p < 0.004). Additional t-tests indicated that 

the difference between the attentional conditions was significantly larger in the 25% than the 

75% dominance condition and single-vernier condition (t(10) = 7.72, p < 0.0016, t(10) = 

6.74, p < 0.017, respectively), but there was no significant difference between the 75% and 

single vernier condition (p = 0.288). These various effects of attention allocation and 

dominance manipulations are discussed in detail in the following section.  

Figure 3. Vernier dominance (percentage of trials in which the reported offset is in line with the first 
vernier) as a function of attentional and dominance conditions. Error bars correspond to one 
standard error of the mean.    



General Discussion 

This study examined the effects of covert spatial sustained attention on feature fusion. 

Experiments 1a and 1b measured the effect of attention on feature fusion with and without 

controlling for eye-movements. Experiment 2 examined whether the attentional effects found 

in Experiments 1a and 1b can be attributed to a signal enhancement mechanism. In all three 

experiments feature fusion was produced by presenting a sequence of vernier and antivernier 

stimuli, presented one after the other to the same location with no intervening temporal 

interval. Spatial sustained attention was manipulated by varying the degree of spatial 

uncertainty: In the attended condition the location of the stimulus sequence was fixed for the 

entire block, allowing attention allocation in advance to this location; in the unattended 

condition the location of the sequence varied randomly between two possible locations and 

therefore did not allow advance attention allocation to this location. 

Attentional effects on feature fusion were found in all three experiments. In Experiments 1a 

and 1b we found a greater degree of antivernier dominance when participants could allocate 

attention in advance to the sequence location, and in Experiment 2 attention increased 

whatever dominance was already apparent in the unattended condition. These findings are the 

first demonstration that sustained spatial attention can affect the outcome of temporal feature 

fusion, and they are in line with a considerable number of studies demonstrating the effects of 

covert attention on early visual processing (e.g. Carrasco et al., 2002; Carrasco et al., 2004; 

Ling & Carrasco, 2006; Pestilli et al., 2007; Golla et al., 2004; Yeshurun & Carrasco, 

1998;1999). 

Different attentional mechanisms might account for the observed attentional modulation of 

feature fusion. One such attentional mechanism operates on decisional processes via 

modulation of the decision criteria the observers are adopting, or the decisional weights that 

are assigned to information gathered at the attended and unattended locations (e.g., Kinchla, 



1980; Kinchla, Chen & Evert, 1995; Palmer, 1994; Shaw, 1984). This mechanism, however, 

cannot account for our current findings because it is only relevant when the attentional 

manipulation conveys useful information regarding the likelihood of the different possible 

behavioral responses (e.g., when one response is more likely in the attended than unattended 

condition). In all three experiments of this study the task was a two-alternative forced choice 

task, which included two equally likely responses regardless of the attentional manipulation, 

and hence it did not afford attentional effects on decision processes. 

Another possible attentional mechanism operates through external or internal noise reduction 

(e.g., Dosher & Lu, 2000; Graham, Kramer & Haber, 1985; LaBerge, 1995; Lu & Dosher, 

1998; Shiu & Pashler, 1994, 1995; Sperling & Dosher, 1986). The idea is that the advanced 

allocation of spatial attention to the relevant location allows observers to monitor only this 

location instead of monitoring all possible locations, thereby reducing the number of 

locations that needed to be monitored and accordingly the statistical noise introduced at these 

locations by irrelevant stimuli or internal noise. However, as with the previous attentional 

account, this noise-reduction mechanism cannot account for our findings. This is because in 

all three experiments of this study the task relevant stimuli (the vernier and antivernier) were 

suprathreshold and presented alone, without additional task-irrelevant items. When 

suprathreshold stimuli are employed, the internal noise generated at the other empty locations 

becomes negligible, and if there are no irrelevant items in the visual display there is also no 

external noise. Thus, given the displays employed in this study there was neither internal nor 

external noise to reduce and therefore attentional noise reduction does not appear to be 

involved in the attentional effects found here.  

Ruling out these two possible mechanisms leaves us with a third attentional mechanism – 

signal enhancement (e.g., Bashinski & Bacharach, 1980; Carrasco & Yeshurun, 1998; 

Downing, 1988; Lu & Dosher, 1998; Posner, 1980). The hypothesis here is that allocating 



attention to the relevant location enhances the quality of the sensory representation at the 

attended location, and evidence in support of this hypothesis was gathered in both behavioral 

studies (e.g., Bashinski & Bacharach, 1980; Downing, 1988; Lu & Dosher, 1998; Yeshurun 

& Carrasco, 1998; 1999) as well as neurophysiological studies (e.g., Brefczynski & DeYoe, 

1999; Desimone & Ungerleider, 1989; Desimone, Wessinger, Thomas & Schneider, 1990; 

Martinez et al., 1999; Moran & Desimone, 1985; Motter, 1993; Spitzer, Desimone & Moran, 

1988). For instance, single-cell recordings have demonstrated attentional modulations in 

neural responding of V1 and V4 cells (e.g., McAdams & Maunsell, 1999; Motter, 1993); 

neurons’ responses to attended stimuli were stronger and more selective in both V4 

(McAdams & Maunsell, 1999; Spitzer et al., 1988) and MT/MST (e.g., Treue & Maunsell, 

1996). Similarly, fMRI studies have shown attentional facilitation in both striate and 

extrastriate visual cortex (e.g., Brefczynski & DeYoe, 1999; Martinez et al., 1999).  

This hypothesis gains direct support in our study, particularly in Experiment 2. If attending 

the location at which the vernier and antivernier appear improves the sensory encoding of 

both stimuli, then the final, fused percept should also be strengthened, regardless of whether 

this final percept reflects vernier or antivernier dominance. Following this prediction, when 

the fused percept in the unattended condition was dominated by the antivernier offset 

(Experiments 1a, 1b, and 2 – 25% condition), attending the stimulus location resulted in an 

even stronger antivernier dominance. Likewise, when the fused percept in the unattended 

condition was dominated by the vernier offset (Experiment 2 – 75% condition), attending the 

sequence location resulted in an even stronger vernier dominance. These findings suggest that 

spatial sustained attention affects feature fusion via signal enhancement. 

Also in line with the signal enhancement hypothesis is the finding that in the single vernier 

condition of Experiment 2, in which only a single stimulus was presented, vernier offset 

discrimination was better in the attended than unattended condition. This is consistent with 



Yeshurun and Carrasco (1999) finding that directing transient spatial attention via peripheral 

cues to the vernier location improves vernier offset discrimination, and it suggests that 

sustained attention, like transient attention, can increase hyperacuity. 

As mentioned above, Experiment 2 revealed another interesting finding. The effect of 

attention on feature fusion was more pronounced in the 25% dominance condition than the 

75% and single vernier conditions. In fact, the effect size was almost twice as large in the 

25% condition. This result might be due to an involvement of transient attention in addition 

to that of sustained attention. Transient attention operates in a stimulus-driven manner and it 

is typically triggered by a peripheral cue, abrupt onset or other rapid changes in the visual 

display. It is a fast form of attention with beneficial effects evident as early as 50 ms from the 

appearance of its trigger, though optimal effects require ~100 ms (e.g., Cheal & Lyon, 1991; 

Jonides, 1981; Muller & Rabbitt, 1989; Nakayama & Mackeben, 1989; Posner, 1980; 

Remington, Johnston, & Yantis, 1992). It is possible, therefore, that the presentation of the 

first stimulus in our sequence – the vernier – attracted transient attention to its location. 

Indeed, it has been suggested that when a stream of stimuli is presented to the same location, 

like in a rapid serial visual presentation paradigm (RSVP), transient attention is triggered by 

the first stimulus and may assist the identification of the following stimulus (e.g., Bowman & 

Wyble, 2007). Although transient attention is attracted to the relevant location already by the 

onset of the first stimulus, the process of deploying attention takes time, and the second 

stimulus may disproportionally benefit from the deployment of transient attention (e.g., 

Bowman & Wyble, 2007; Wyble, Bowman, & Potter, 2009). Thus, due to the time required 

to deploy transient attention, if transient attention was indeed attracted to the sequence 

location by the onset of the vernier, the second stimulus in our sequence – the antivernier – 

might have been the one to benefit from the additional enhancement brought about by 

transient attention. Moreover, given the particularly brief presentation of each stimulus in the 



sequence, and given the time required for the deployment of transient attention, this 

additional ‘boost’ of the second stimulus could only happen in the attended condition in 

which attention was already allocated to the sequence location allowing a faster deployment 

of transient attention. It is also probable that this disproportionate benefit in favor of the 

antivernier only took place in the 25% condition, since in the 75% condition the antivernier 

duration was halved leaving little room for transient attention to generate any effect, and the 

same logic holds for the single vernier condition. Taken together, we suggest that while in the 

25% condition the antivernier processing was further facilitated by transient attention, in the 

75% and single vernier conditions any attentional gain was restricted to sustained attention 

operating on both the vernier and antivernier representation.  

Finally, another interesting finding that emerged in this study is that the effect of the spatial 

certainty manipulation was considerably smaller in Experiment 1b in comparison to 

Experiment 1a. Because the exclusion of eye-movements in Experiment 1b was the only 

difference between the two experiments, it is likely that the larger effect found in Experiment 

1a was due to the fact that in the attended condition of this experiment, the participants could 

move their eyes to foveate the stimuli. This suggests that fusion is more prevalent in the 

fovea than in the periphery, which in turn strengthens the claim that feature fusion reflects 

temporal integration. This is because in comparison to foveal processing, the processing in 

the periphery exhibits shorter temporal integration (e.g., Swanson, Pan, & Lee, 2008). One 

reason for this difference between the central and peripheral regions is the distribution of 

receptive fields of parvocellular and magnocellular neurons. The fovea is characterized by a 

higher density of parvocellular neurons that decreases with increasing eccentricities, while 

magnocellular neurons are more prevalent at peripheral regions (e.g., Azzopardi, Jones & 

Cowey, 1999; Connolly & Van Essen, 1984; Merigan & Maunsell, 1993; Schiller & 

Logothetis, 1990). Many studies have demonstrated that parvocellular neurons have longer 



response duration, slower decay, and longer temporal integration than magnocellular neurons 

(e.g., Derrington & Lennie, 1984; Maunsell, Nealey, & DePriest, 1990; Merigan & Maunsell, 

1993; Schiller & Logothetis, 1990; Solomon, White, & Martin, 1999). Thus, the fact that 

temporal integration is indeed better in the fovea and that feature fusion also seems to be 

better in the fovea, supports the notion that feature fusion reflects temporal integration. 

However, in this study we did not compare directly the manifestation of feature fusion in the 

fovea and the periphery. A more direct comparison between the fovea and periphery is 

necessary to draw strong conclusions. 

To summarize, this study is the first to examine the effects of spatial sustained attention on 

feature fusion, and it demonstrates that directing covert attention to the stimulus location 

affects feature fusion via signal enhancement. Specifically, we have found that attention 

strengthened the already dominating final fused percept, most likely by enhancing the 

representation of each of the fused stimuli. 



References 

Azzopardi, P., Jones, K. E., & Cowey, A. (1999). Uneven mapping of magnocellular and 

parvocellular projections from the lateral geniculate nucleus to the striate cortex in 

macaque monkey. Vision Research, 39, 2179–2189.  

Bach, M. (1996). The “Freiburg visual acuity test.” Automatic measure- ment of visual acuity. 

Optometry and Vision Science, 73, 49–53.  

Bashinski, H. S., & Bacharach, V. R. (1980). Enhancement of perceptual sensitivity as the 

result of selectively attending to spatial locations. Perception and Psychophysics, 28, 241–

248.

Bowman H, Wyble B. (2007). The simultaneous type, serial token model of temporal attention 

and working memory. Psychological Review, 114, 38–70 

Brefczynski, J. A., & DeYoe, E. A. (1999). A physiological correlate of the ‘spotlight’ of visual 

attention. Nature Neuroscience, 2, 370–374. 

Briand, K. A. (1998). Feature integration and spatial attention: more evidence of a dissociation 

between endogenous and exogenous orienting. Journal of Experimental Psychology: 

Human Perception and Performance, 24, 1243-1256. 

Brainard, D. H. (1997). The psychophysics toolbox. Spatial Vision, 10, 433–436. 

Cameron, E. L., Tai, J. C., & Carrasco, M. (2002). Covert attention affects the psychometric 

function of contrast sensitivity. Vision Research, 42, 949–967. 

Carrasco, M., Penpeci-Talgar, C., & Eckstein, M. (2000). Spatial attention increases contrast 

sensitivity across the CSF: Support for signal enhancement. Vision Research, 40, 1203–

1215. 



Carrasco, M., Williams, P. E., & Yeshurun, Y. (2002). Covert attention increases spatial 

resolution with or without masks: Support for signal enhancement. Journal of Vision, 2, 

467–479.  

Carrasco, M., & Yeshurun, Y. (2009). Covert attention effects on spatial resolution. Progress 

in Brain Research, 176, 65–86.  

Chica, A.B., Bartolomeo, P., & Lupianez, J. (2013). Two cognitive and neural systems for 

endogenous and exogenous spatial attention. Behavioural Brain Research, 237, 107- 

123.  

Cheal, M., & Lyon, D. (1991). Central and peripheral precuing of forced-choice discrimination. 

Quarterly Journal of Experimental Psychology, 43A, 859-880. 

Connolly, M., & Van Essen, D. (1984). The representation of the visual field in parvocellular 

and magnocellular layers of the lateral geniculate nucleus in the macaque monkey. 

Journal of Comparative Neurology, 266, 544–564.  

Derrington, A. M., & Lennie, P. (1984). Spatial and temporal contrast sensitivities of neurons 

in lateral geniculate nucleus of macaque. Journal of Physiology, 357, 219- 240.

Desimone, R., & Ungerleider, L. G. (1989). Neural mechanism of visual processing in 

monkeys. In F. Boller, & J. Grafman, Handbook of Neuropsychology (pp. 267–299). 

Amsterdam: Elsevier BV.  

Desimone, R., Wessinger, M., Thomas, L., & Schneider, W. (1990). Attentional control of 

visual perception: Cortical and subcortical mechanisms. Cold Spring Harbor Symposia 

Quantitative Biology, LV, 963–971.  

Dosher, B. A., & Lu, L. (2000). Mechanisms of perceptual attention in precuing of location. 

Vision Research, 40(10–12), 1269–1292.  



Downing, C. J. (1988). Expectancy and visual-spatial attention: effects on perceptual quality. 

Journal of Experimental Psychology: Human Perception Performance, 14, 188–202.  

Efron, R. (1967). Duration of present. Annals of the New York Academy of Sciences, 138(A2), 

713–729.

Efron, R. (1973). Conservation of temporal information by perceptual systems. Perception & 

Psychophysics, 14, 518–530. 

Golla, H., Ignashchenkova, A., Haarmeier, T., & Their, P. (2004) Improvement of visual acuity 

by spatial cueing: a comparative study in human and non-human primates. Vision 

Research., 44(13): 1589–1600.  

Graham, N., Kramer, P., & Haber, N. (1985). Attending to the spatial frequency and spatial 

position of near-threshold visual patterns. In M. I. Posner, & O. S. Marin (Eds.), Attention 

and Performance XI (pp. 269- 284). Hillsdale, NJ: Erlbaum.  

Hein, E., Rolke, B., & Ulrich, R. (2006). Visual attention and temporal discrimination: 

Differential effects of automatic and voluntary cueing. Visual Cognition, 13, 29-50. 

Hermens, F., Scharnowski, F., & Herzog, M. H. (2009). Spatial grouping determines temporal 

integration. Journal of Experimental Psychology: Human Perception and Performance, 

35, 595–610. 

Hermens, F., Scharnowski, F., & Herzog, M. H. (2010). Automatic grouping of regular 

structures. Journal of Vision, 10, 1–16. 

Herzog, M. H., & Fahle, M. (2002). Effects of grouping in contextual modulation. Nature, 415, 

433–436. 



Herzog, M. H., Leseman, E., & Eurich, C. W. (2006). Spatial interactions determine temporal 

feature integration as revealed by unmasking. Advances in Cognitive Psychology, 2, 77–

85. 

Herzog, M. H., Fahle, M., & Koch, C. (2001). Spatial aspects of object formation revealed by 

a new illusion, shine-through. Vision Research, 41, 2325–2335.  

Herzog, M. H., & Koch, C. (2001). Seeing properties of an invisible object: Feature inheritance 

and shine-through. Proceedings of the National Academy of Sciences, USA, 98, 4271–

4275.  

Herzog, M. H., Parish, L., Koch, C., & Fahle, M. (2003). Fusion of competing features is not 

serial. Vision Research, 43, 1951–1960. 

Herzog, M. H., Scharnowski, F., & Hermens, F. (2007). Long lasting effects of unmasking in 

a feature fusion paradigm. Psychological Research, 71, 653–658. 

Huang, L., & Dobkins, K.R. (2005) Attentional effects on contrast discrimination in humans: 

evidence for both contrast gain and response gain. Vision Research, 45: 1201–1212.  

Jonides, J. (1981). Voluntary vs. automatic control over the mind’s eye’s movement. In J. B. 

Long & A. D. Baddeley (Eds.), Attention and performance IX (pp. 187-204). Hillsdale, 

NJ: Lawrence Erlbaum Associates, Inc. 

Kinchla, R. A. (1980). The measurement of attention. In R. S. Nikerson (Eds.), Attention and 

Performance IIX (Vol. 8, pp. 213-238). Hillsdale, NJ: Erlbaum.  

Kinchla, R. A., Chen, Z., & Evert, D. L. (1995). Precue effects in visual search: data or resource 

limited? Perception and Psychophysics, 57(4), 441–450.



Klein, R. M. (1994). Perceptual-motor expectancies interact with covert visual orienting under 

conditions of endogenous but not exogenous control. Canadian Journal of Experimental 

Psychology, 48, 167-1 81. 

LaBerge, D. (1995). Attentional processing. The brain’s art of mindfulness. Cambridge, MA: 

Harvard University Press. 

Lu, Z.-L., & Dosher, B. A. (1998). External noise distinguishes attention mechanisms. Vision 

Research, 38(9), 1183–1198. 

Lu, Z.-L., & Dosher, B. A. (2000). Spatial attention: Different mechanisms for central and 

peripheral temporal precues? Journal of Experimental Psychology: Human Perception 

and Performance, 26, 1534–1548.  

Maunsell, J. H. R., Nealey, T. A., & DePriest, D. D. (1990). Magnocellular and parvocellular 

contributions to responses in the middle temporal visual area (MT) of the macaque 

monkey. Journal of Neuroscience, 10, 3323-3334.

Martinez, A., Anllo-Vento, L., Sereno, M.I., Frank, L.R., Buxton, R.B., Dubowitz, D.J., Wong, 

E.C., Hinrichs, H., Heinze, H.J. & Hillyard, S.A. (1999) Involvement of striate and 

extrastriate visual cortical areas in spatial attention. Nature Neuroscience, 2(4), 364–369.  

McAdams, C.J., & Maunsell, J.H. (1999) Effects of attention on orientation-tuning functions 

of single neurons in macaque cortical area V4. Journal of Neuroscience, 19(1), 431–441.  

Merigan, W. H., & Maunsell, J. H. R. (1993). How parallel are the primate visual pathways? 

Annual Review of Neuroscience, 16, 369-402.

Moran, J., & Desimone, R. (1985). Selective attention gates visual processing in the extrastriate 

cortex. Science, 229, 782–784. 



Motter, B.C. (1994) Neural correlates of attentive selection for color or luminance in 

extrastriate area V4. Journal of Neurophysiology, 14(4), 2178–2189.  

Muller, H. J., & Rabbitt, P. M. A. (1989). Reflexive and voluntary orienting of visual attention: 

Time course of activation and resistance to interruption. Journal of Experimental 

Psychology: Human Perception and Performance, 15, 315-330. 

Nakayama, K., & Mackeben, M. (1989). Sustained and transient components of focal visual 

attention. Vision Research, 29, 1631-1646. 

Palmer, J. (1994). Set-size effects in visual search: The effect of attention is independent of the 

stimulus for simple tasks. Vision Research, 34, 1703–1721.  

Posner, M. I. (1980). Orienting of attention. Quarterly Journal of Experimental Psychology, 

32, 3-25. 

Raymond, J. E., Shapiro, K. L. & Arnell, K. M. (1992). Temporary suppression of visual 

processing in an RSVP task: An attentional blink? Journal of Experimental Psychology: 

Human Perception and Performance, 18, 849-860�

Remington, R., Johnston, J. C., & Yantis, S. (1992). Attentional capture by abrupt onsets. 

Perception and Psychophysics, 51, 279-290. 

Rolke, B., Dinkelbach, A., Hein, E., & Ulrich, R. (2008). Does attention impair temporal 

discrimination? Examining non-attentional accounts. Psychological Research, 72(1), 49-

60.  

Shaw, M. L. (1984). Division of attention among spatial locations: A fundamental difference 

between detection of letters and detection of luminance. In H. Bouma, & D. G. Bouwhuis 

(Eds), Attention and Performance X (pp. 109–120). Hillsdale, NJ: Erlbaum. 



Scharnowski, F., Hermens, F., & Herzog, M. H. (2007). Bloch’s law and the dynamics of 

feature fusion. Vision Research, 47, 2444–2452. 

Schiller, P. H., & Logothetis, N. K. (1990). The color-opponent and broad-band channels in 

the primate visual system. Trends in Neuroscience, 13, 392-398.

Shiu, L., & Pashler, H. (1994). Negligible effect of spatial precuing on identification of single 

digits. Journal of Experimental Psychology: Human Perception and Performance, 20(5), 

1037–1054.  

Shiu, L., & Pashler, H. (1995). Spatial attention and vernier acuity. Vision Research, 35, 337–

343.  

Shapiro, K. L., Arnell, K. M. & Raymond, J. E. (1997). The attentional blink. Trends in 

Cognitive Sciences, 1, 291-296. 

Smith, P. L. (2000). Attention and luminance detection: Effects of cues, masks, and pedestals. 

Journal of Experimental Psychology: Human Perception and Performance, 26, 1401–

1420. 

Solomon, J.A. (2004) The effect of spatial cues on visual sensitivity. Vision Research, 44(12), 

1209–1216. 

Solomon, S. G., White, A. J., & Martin, P. R. (1999). Temporal contrast sensitivity in the lateral 

geniculate nucleus of a New World monkey, the marmoset Callithrix jacchus. Journal of 

Physiology, 517(3), 907 917.



Sperling, G. & Dosher, B. A. (1986). Strategy and optimization in human information 

processing. In K. R. Boff, L. Kaufman, & J. P. Thomas (Eds.), Handbook of Perception 

and Human Performance (Vol. 1, pp. 1–65). New York: Wiley.

Spitzer, H., Desimone, R., & Moran, J. (1988) Increased attention enhances both behavioural 

and neuronal performance. Science, 240, 338–340.  

Swanson, W. H., Pan, F., & Lee, B. B. (2008). Chromatic temporal integration and retinal 

eccentricity: Psychophysics, neurometric analysis and cortical pooling. Vision Research, 

48, 2657–2662.  

Treue, S., & Maunsell, J. H. (1996) Attentional modulation of visual motion processing in 

cortical areas MT and MST. Nature, 382(6591), 539–541.  

Wyble, B., Bowman, H., & Potter, M. C. (2009). Categorically defined targets trigger 

spatiotemporal attention. Journal of Experimental Psychology: Human Perception and 

Performance, 35, 324–337.  

Visser, T. A. W., & Enns, J. E. (2001). The role of attention in temporal integration. Perception, 

30, 135 145.   

Yeshurun, Y. (2004). Isoluminant stimuli and red background attenuate the effects of transient 

spatial attention on temporal resolution. Vision Research, 44, 1375-1387.  

Yeshurun, Y., & Carrasco, M. (1998) Attention improves or impairs visual perception by 

enhancing spatial resolution. Nature, 396, 72–75.  

Yeshurun, Y., &Carrasco, M. (1999) Spatial attention im- proves performance in spatial 

resolution tasks. Vision Research., 39(2), 293–306.  

Yeshurun, Y., & Carrasco, M. (2008). The effects of transient attention on spatial resolution 

and the size of the attentional cue. Perception & Psychophysics, 70(1), 104–113. 



Yeshurun, Y., & Carrasco, M. (2000). The locus of attentional effects in texture segmentation. 

Nature Neuroscience, 3, 622–627. 

Yund, E. W., Morgan, H., & Efron, R. (1983). The micropattern effect and visible persistence. 

Perception & Psychophysics, 34, 209–213. 









































.0

.1

.2

.3

.4

.5

.6

.7

.8

.9
1.0

Cond. 1 Cond. 2 Cond. 3 Cond. 4

Younger
Adults

Older
Adults



















































•

•

•

•

•

•

•

•

•

•

•




















