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Visual attention requires a means to specify and keep 
active the properties of the to-be-attended item in order to 
guide attention to locations in the visual field that contain 
task-relevant features (Bundesen, 1990; Desimone &  
Duncan, 1995; Duncan & Humphreys, 1989; Wolfe, 1994). 
Several theories rely on the assumption that visual work-
ing memory (VWM) is the substrate of this feature tem-
plate (Bundesen, Habekost, & Kyllingsbaek, 2005; 
Desimone & Duncan, 1995). Indeed, VWM has been 
found to modulate orienting when multiple objects com-
pete for selection, such that covert and overt attention are 
biased toward items that match VWM content (Han & 
Kim, 2009; Hollingworth & Luck, 2009; Mannan, Kennard, 
Potter, Pan, & Soto, 2010; Olivers, 2009; Olivers, Meijer, & 
Theeuwes, 2006; Soto, Heinke, Humphreys, & Blanco, 
2005; Soto, Humphreys, & Heinke, 2006). However, these 
biases could operate relatively late in processing and at a 
fairly high level of the visual system, where stimulus com-
petition is maximal (Kastner & Ungerleider, 2000). In the 
experiments reported here, we sought to determine 
whether VWM can also modulate rapid, reflexive eye 
movements in the absence of stimulus competition.

Participants in these experiments executed a saccade 
to an abrupt-onset target whose color matched or did not 
match a concurrent VWM representation. In most trials, 
the target was the only stimulus in the display. Current 
theory and evidence diverge on whether VWM content 
should influence such simple orienting saccades. VWM 

involves sustained activation of feature-specific neural 
populations from the primary visual cortex through 
inferotemporal cortex (Harrison & Tong, 2009; Serences, 
Ester, Vogel, & Awh, 2009; Yoon, Curtis, & D’Esposito, 
2006). Projections from visual cortex to the superior col-
liculus (SC; Fries, 1984) and frontal eye fields (FEF; 
Stanton, Bruce, & Goldberg, 1995) might allow VWM rep-
resentations to influence even the most elementary oculo-
motor operations. However, current models of simple 
orienting saccades emphasize stimulus-driven processing, 
positing minimal influence of representations in working 
memory (Ludwig & Gilchrist, 2002; Mulckhuyse, van 
Zoest, & Theeuwes, 2008; van Zoest, Donk, & Theeuwes, 
2004). For example, van Zoest et al. (2004) argued that 
saccades generated in less than approximately 200 ms are 
driven solely by the physical properties of the stimulus. 
Existing evidence on VWM-modulated orienting does not 
challenge this claim directly: Saccade latencies to memory-
matching objects have been observed to be well over 200 
ms, even when the matching object is an abrupt onset 
within the search array (Mannan et al., 2010). 

In addition, current neurocomputational theories of 
oculomotor control hold that spatial information is the sole 
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source of bias in saccade target selection (Kopecz & 
Schöner, 1995; Marino, Trappenberg, Dorris, & Munoz, 
2012; Trappenberg, Dorris, Munoz, & Klein, 2001; Wilimzig, 
Schneider, & Schöner, 2006) and therefore do not predict 
that feature memory will influence orienting. Finally, stim-
ulus competition plays a central role in theories of VWM-
based selection (e.g., Desimone & Duncan, 1995), and it is 
not known if VWM will influence orienting when competi-
tion is eliminated. An effect of feature memory on rapid, 
reflexive saccades in the absence of stimulus competition 
and top-down selective demands would demonstrate that 
the influence of VWM extends to the most fundamental 
operations of the oculomotor system.

Experiment 1

In each trial of Experiment 1, participants maintained a 
color in VWM as they executed a saccade to a target disk 
(Fig. 1). First, a color square was presented, to be held in 
memory for a discrimination test at the end of the trial 
(color memory task; for the results of the color memory 
task, see Memory Results in the Supplemental Material 
available online). Next, participants completed the sac-
cade task. A colored target disk appeared to the left or 
right of fixation, and participants oriented their gaze to 
this disk as quickly as possible. The color of the target 
disk either matched or mismatched the color in memory. 
The remembered color was irrelevant to the saccade task. 
Participants simply directed their gaze to the only visible 

object. This design eliminated goal-level biases in orient-
ing. The use of single, isolated targets allowed us to exam-
ine the effect of VWM on saccades with latencies near the 
limit of human capabilities.

On a subset of trials, a distractor object was included in 
the target display (distractor-present trials). This allowed 
us to examine the effect of VWM match in a competitive 
context (Walker, Kentridge, & Findlay, 1995). The distrac-
tor disk appeared simultaneously with the target, either 
above or below central fixation (Fig. 1). Participants were 
instructed to ignore the distractor and to fixate the target, 
which appeared on the horizontal midline. The target, dis-
tractor, or neither of the two objects matched the color 
held in VWM.

Method

Participants. Participants were 18 to 30 years old and 
had uncorrected 20/20 vision. Twelve participants com-
pleted this experiment.

Apparatus and stimuli. Stimuli were displayed on a 
17-in. CRT monitor (120-Hz refresh rate) at a viewing dis-
tance of 70 cm. The right eye was monitored by an SR 
Research EyeLink 1000 eye tracker (SR Research Ltd., 
Kanata, Ontario, Canada). Stimuli appeared on a gray 
background with a white central fixation cross (0.3°).

The central memory square subtended 1.6° × 1.6°  
visual angle. The color category of the square was chosen 

+ ++

+++

Target Match No Match Distractor Match

++

Target Match No Match

Target-Only Trials Distractor-Present Trials

Fig. 1.  Illustration of the trial sequence in Experiment 1. Participants began by fixating a central cross (not displayed). 
A colored memory square was presented for 300 ms, followed by central fixation for 700 ms. A single, colored target 
object (here, represented as a black disk) was then presented to the left or right of fixation, and participants executed a 
saccade to that object as quickly as possible. After the target was fixated, there was a 200-ms delay before the presenta-
tion of the memory-test stimuli. Participants selected the color alternative that matched the color of the original memory 
square. The eye icons show horizontal fixation position throughout the trial. The illustrations at the bottom show 
examples of saccade-task stimuli in target-only trials and distractor-present trials (in which a single distractor appeared 
simultaneously with the target, either above or below fixation). In the target-only trials, the color of the saccade target 
could either match or mismatch the color of the memory square. In the distractor-present trials, the target and distractor 
were always different colors. Either the target matched the memory color, the distractor matched the memory color, or 
neither matched the memory color.
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randomly from a set of three (red, green, and blue). Within 
the selected category, the specific color value was selected 
randomly from a set of four similar colors (details about 
the color values we used can be found in Supplementary 
Methods in the Supplemental Material). The memory-test 
display contained two squares: one in the memory color 
and one in a foil color selected randomly from the remain-
ing three colors in the same category. The two squares 
appeared 2.5° to the left and to the right of center, with 
left/right assignment determined randomly. Using a 
within-category discrimination task minimized verbal 
encoding.

The saccade display contained only the target on 75% 
of trials (target-only trials) and the target plus a distractor 
on 25% of trials (distractor-present trials). The target (1° 
diameter) appeared on the horizontal midline. Its left/
right location was selected randomly, and its eccentricity 
was selected randomly within a range (4.61°–7.06°). The 
target’s color was drawn either from the color category of 
the memory square (target match) or randomly from one 
of the two remaining color categories (no match). In tar-
get-match trials, the target’s color was either an exact 
match for the to-be-remembered color or an inexact 
match. On inexact-match trials, the color of the saccade 
target was later used as the foil color in the memory-test 
display. Using the target’s color as the foil in these trials 
made it counterproductive for participants to intentionally 
attend to the color of the target for the purpose of aiding 
memory for the original color square.

On distractor-present trials, the target was accompa-
nied by a 0.66°-diameter distractor disk placed 1.3° above 
or below the fixation cross (its location was randomly 
determined). In the target-match condition, the target 
matched the color category of the memory square (exactly 
or inexactly), and the distractor did not. In the distractor-
match condition, the distractor matched the color cate-
gory of the memory square (exactly or inexactly), and the 
target did not. In the no-match condition, neither the tar-
get nor the distractor matched the color category of the 
memory square.

For both target-only trials and distractor-present trials, 
the saccade-latency and landing-error results were identi-
cal for exact and inexact color matches, so all eye move-
ment analyses were collapsed across this variable.

Procedure. Each trial began with central fixation. After a 
delay of 400 ms, the color memory square appeared for 
300 ms, followed by a blank screen (fixation cross only) 
for a delay of 700 ms (long enough to eliminate sensory 
persistence of the memory-square stimulus; Irwin & Yeo-
mans, 1986). Then, the saccade display appeared. Partici-
pants were instructed to execute a saccade to the target as 
rapidly as possible and to avoid fixating the distractor if 
one appeared. Targets always appeared on the horizontal 
midline, so there was never a reason to make a vertical eye 
movement.

After a fixation was detected in the target region, the 
target display remained visible for 200 ms before the test 
display was presented. Participants then pressed one of 
two buttons to indicate which of the two test squares 
matched the color of the memory square.

After 18 trials of practice, participants completed 384 
experimental trials. There were 288 target-only trials (144 
no match, 144 target match) and 96 distractor-present tri-
als (32 no match, 32 distractor match, 32 target match), 
randomly intermixed.

Data analysis. A combined velocity (> 30°/s) and accel-
eration (> 8,000°/s2) threshold was used to detect saccades. 
Trials were eliminated if the eyes were more than 1° from 
central fixation when the target stimulus appeared (8.0% of 
trials across all experiments) or if saccade latency was 
greater than 500 ms or less than 60 ms (4.4% of trials across 
all experiments).

Results

Target-only trials. VWM content influenced both the 
spatial and the temporal properties of saccade execution 
(for more detailed descriptions of the saccade results for 
all five experiments, see Eye Movement Results in the 
Supplemental Material). First, we assessed horizontal 
landing error (the absolute distance between the saccade 
landing position and the center of the target; see the left 
graph in Fig. 2a). Saccades landed closer to the target 
when the target matched the color in VWM (M = 0.76°) 
than when it did not (M = 0.87°), t(11) = 2.78, p = .02, with 
saccades to nonmatching targets tending to undershoot 
the target location to a greater extent than saccades to 
matching targets (see the right graph in Fig. 2a). Equiva-
lent results were obtained when using the signed error 
instead of absolute error.

In addition, saccades to targets that matched the mem-
ory color in VWM had shorter latencies than saccades to 
nonmatching targets (M = 148 ms and M = 159 ms, respec-
tively), t(11) = 7.22, p < .001.

Distractor-present trials. Figure 2c illustrates the land-
ing-position eccentricity for the distractor-present trials. 
Forty-seven percent of saccades landed closer to the dis-
tractor than to the target when the distractor matched the 
memory color (11.5% landed within 1.5° of the distractor’s 
center). Only 15.2% of saccades landed closer to the dis-
tractor than to the target when neither object matched the 
memory color (2.0% landed within 1.5° of the distractor’s 
center). When the target matched the memory color, only 
6.0% of saccades landed closer to the distractor than to 
the target (0.5% landed within 1.5° of the distractor’s cen-
ter). All pairwise contrasts were reliable, ps < .05. Saccade 
latency exhibited a complementary pattern of results: 
Conditions with higher accuracies had shorter latencies 
(see Experiment 1 in the Supplemental Material).

 by Andrew Hollingworth on May 10, 2013pss.sagepub.comDownloaded from 

http://pss.sagepub.com/


	 793

La
nd

in
g 

Po
si

tio
n 

Ec
ce

nt
ric

ity
 (°

)
–1

0
1

2
3

4
5

6
7

8
0.

00

0.
05

0.
10

0.
15

0.
20

0.
25

Ta
rg

et
 M

at
ch

Di
st

ra
ct

or
 

M
at

ch
No

 M
at

ch

La
nd

in
g 

Po
si

tio
n 

Ec
ce

nt
ric

ity
 (°

)
–1

0
1

2
3

4
5

6
7

8
0.
00

0.
05

0.
10

0.
15

0.
20

0.
25

La
nd

in
g 

Po
si

tio
n 

Ec
ce

nt
ric

ity
 (°

)
–1

0
1

2
3

4
5

6
7

8
0.

00

0.
05

0.
10

0.
15

0.
20

Ta
rg

et
 M

at
ch

Di
st

ra
ct

or
 

M
at

ch
No

 M
at

ch

La
nd

in
g 

Po
si

tio
n 

Ec
ce

nt
ric

ity
 (°

)
–1

0
1

2
3

4
5

6
7

8
0.
00

0.
05

0.
10

0.
15

0.
20

0.
25

c
Ex

pe
rim

en
t 1

, D
is

tra
ct

or
-P

re
se

nt
 T

ria
ls

d
Ex

pe
rim

en
t 2

, D
is

tra
ct

or
-P

re
se

nt
 T

ria
ls

b
Ex

pe
rim

en
t 2

, T
ar

ge
t-

On
ly

 T
ria

ls

Ta
rg

et
 R

an
ge

La
nd

in
g 

Po
si

tio
n 

Er
ro

r (
°)

0
1

2
3

4
0.

00

0.
05

0.
10

0.
15

0.
20

0.
25

Ta
rg

et
 M

at
ch

No
 M

at
ch

a
Ex

pe
rim

en
t 1

, T
ar

ge
t-

On
ly

 T
ria

ls

La
nd

in
g 

Po
si

tio
n 

Er
ro

r (
°)

0
1

2
3

4
0.

00

0.
05

0.
10

0.
15

0.
20

0.
25

Ta
rg

et
 M

at
ch

No
 M

at
ch

Ta
rg

et
 R

an
ge

Di
st

ra
ct

or

Proportion of Saccades

Proportion of Saccades Proportion of Saccades

Proportion of Saccades
F
ig

. 
2
. 

D
is

tr
ib

u
tio

n
s 

o
f 
h
o
ri
zo

n
ta

l 
la

n
d
in

g-
p
o
si

tio
n
 e

rr
o
r 

an
d
 e

cc
en

tr
ic

ity
 f
o
r 

ta
rg

et
-o

n
ly

 t
ri
al

s 
in

 (
a)

 E
xp

er
im

en
t 
1 

an
d
 (

b
) 

E
xp

er
im

en
t 
2 

an
d
 

d
is

tr
ib

u
tio

n
s 

o
f 
h
o
ri
zo

n
ta

l 
la

n
d
in

g-
p
o
si

tio
n
 e

cc
en

tr
ic

ity
 f
o
r 
d
is

tr
ac

to
r-

p
re

se
n
t 
tr
ia

ls
 i
n
 (

c)
 E

xp
er

im
en

t 
1 

an
d
 (

d
) 

E
xp

er
im

en
t 
2.

 D
as

h
ed

 v
er

tic
al

 
lin

es
 s

h
o
w

 t
h
e 

ra
n
ge

 i
n
 w

h
ic

h
 t
h
e 

ta
rg

et
 c

o
u
ld

 a
p
p
ea

r,
 a

n
d
 s

o
lid

 v
er

tic
al

 l
in

es
 s

h
o
w

 t
h
e 

p
o
si

tio
n
 o

f 
th

e 
d
is

tr
ac

to
r.

 by Andrew Hollingworth on May 10, 2013pss.sagepub.comDownloaded from 

http://pss.sagepub.com/


794		  Hollingworth et al.

Experiment 2

To generate even faster saccades, we repeated the proce-
dure used in Experiment 1 but removed the fixation cross 
100 ms before the onset of the saccade target. Participants 
were 18 to 30 years old and had uncorrected 20/20 vision. 
Twelve different participants completed this experiment.

As in Experiment 1, for target-only trials, saccade land-
ing error was lower for target-match trials (M = 0.86°) than 
for no-match trials (M = 0.90°; Fig. 2b, left panel; see Fig. 
2b, right panel, for landing-position eccentricity), but this 
difference did not reach significance, t(11) = 1.21, p = .25. 
Also as in Experiment 1, saccade latency was shorter for 
targets that matched the color in VWM (M = 125 ms) than 
for nonmatching targets (M = 136 ms), t(11) = 2.83, p = 
.02. Thus, VWM influenced oculomotor processes occur-
ring within 150 ms of target onset. The results from dis-
tractor-present trials replicated those from Experiment 1 
(Fig. 2d; for detailed results, see Experiment 2 in the 
Supplemental Material).

Experiments 3 Through 5

We conducted three control experiments (for detailed 
methods and results, see Experiment 3, Experiment 4, and 
Experiment 5 in the Supplemental Material).

Experiment 3: incidental memory for 
color

Participants were 18 to 30 years old and had uncorrected 
20/20 vision. Twelve different participants completed this 
experiment. To rule out the possibility of a strategic bias 
to orient gaze toward a matching color, we made color an 
incidental feature of the to-be-remembered object. Partici-
pants remembered the orientation of a colored, star-
shaped object (see Fig. S1 in the Supplemental Material). 
In the test display, they discriminated the original star 
from a foil differing by 10° of orientation. Because color 
had no relationship with the requirements of the memory 
task (orientation discrimination), there was no incentive 
for participants to attend to any particular color in the sac-
cade display.

For target-only trials, the match between the color of 
the to-be-remembered object and the color of the saccade 
target had a reliable effect on the latency of the orienting 
saccade but no reliable effect on landing error. Results for 
the distractor-present trials replicated the results of 
Experiment 1 in full.

Experiment 4: controlling for priming

Participants were 18 to 30 years old and had uncorrected 
20/20 vision. Twelve different participants completed this 
experiment. To rule out passive priming as an explanation 
for the effects observed in Experiments 1 through 3 (Bichot 

& Schall, 2002; McPeek & Keller, 2001), we followed the 
same procedure as in Experiment 1 but told participants 
that the color square at the beginning of each trial simply 
indicated that the trial was about to begin and did not 
administer a memory test at the end of each trial. Thus, 
participants viewed the color square but had no demand 
to remember it. All effects of color match on saccade land-
ing error and latency were eliminated. Thus, the results of 
Experiments 1 through 3 were not due to priming.

Experiment 5: eliminating a demand 
to process distractors

Participants were 18 to 30 years old and had uncorrected 
20/20 vision. Fifteen different participants completed this 
experiment. In Experiment 5, distractor-present trials were 
not included; all trials were target-only trials. This elimi-
nated any experiment-level demand to discriminate the 
target from a distractor. In addition, to reduce the predict-
ability of target location, we expanded the range of target 
eccentricity (to between 3.03° and 7.06°). Participants 
completed 400 trials: 200 match trials and 200 no-match 
trials. In all other respects, the method was the same as in 
Experiment 1. The effects of color match on saccade land-
ing error and latency observed in Experiment 1 were rep-
licated in full.

Discussion

These results demonstrate that even the most rapid and 
simple saccade targeting processes depend on a close 
integration of object information maintained in VWM and 
sensory input. Modulation of eye movements by VWM is 
not limited to situations in which stimulus competition 
must be resolved or to longer-latency saccades.

Four considerations point to a visual-sensory locus of 
the interaction between VWM and orienting observed in 
the experiments reported here. First, other sources of sac-
cade modulation were not involved: Goal-level biases 
were controlled, as was spatial attention prior to target 
onset (target position was unpredictable). Second, an 
effect of VWM on saccades generated in less than 150 ms 
is consistent with the modulation of initial sensory input 
to oculomotor regions. Third, visual neurons in SC and 
FEF are not themselves color selective; color-memory 
effects are therefore likely to be generated in color- 
sensitive sensory systems that project to SC and FEF 
(White, Boehnke, Marino, Itti, & Munoz, 2009). Finally, 
evidence of feature-specific VWM activation in early  
visual cortex (Harrison & Tong, 2009; Serences et al., 
2009) renders initial sensory modulation plausible. 
Facilitated sensory processing of memory-matching tar-
gets would then increase the speed and accuracy of the 
computation of the endpoint of the saccade. This same 
mechanism would increase the relative salience of an 
object in a competitive context, leading to the observed 
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advantage for memory-matching targets and distractors in 
the distractor-present trials. These processes are analo-
gous to feature-based attention mechanisms that modu-
late sensory processing at both attended and unattended 
locations (Zhang & Luck, 2009); our results show that 
feature-based modulation of sensory processing can be 
an automatic consequence of VWM maintenance.

The results contrast with earlier evidence that rapidly 
generated saccades are driven solely by the physical 
properties of the stimulus (Ludwig & Gilchrist, 2002; 
Mulckhuyse et al., 2008; van Zoest et al., 2004). They indi-
cate that the initial perceptual “salience” of a stimulus (i.e., 
the efficiency of the sensory response or the strength of 
the sensory signal) is a joint property of the physical attri-
butes of the stimulus and the match between those attri-
butes and the content of VWM. Other authors have 
opposed this type of explanation, arguing instead that ini-
tial perceptual salience is equivalent for stimuli that match 
and stimuli that do not match a target template, but sub-
sequent inhibition of a distractor is impaired when it 
shares features of the target (Mulckhuyse, Van der Stigchel, 
& Theeuwes, 2009). In this view, template properties do 
not influence initial salience; they only guide the later 
resolution of competition. Such an account cannot apply 
to the results reported here, however, because in the main 
condition, only a target was present: There was no com-
petition and no demand for inhibition. Thus, the data 
reported here provide strong evidence that the initial per-
ceptual salience of a stimulus is influenced by the strate-
gic maintenance of object features.

Do these data reflect an early effect of top-down, goal-
level factors on orienting? VWM content was orthogonal 
to task goals, and thus the effects observed cannot be 
described as goal directed; rather, there appears to be an 
obligatory interaction between the content of VWM and 
target processing. However, the dissociation between 
VWM content and the features of the target in our experi-
ments is somewhat artificial. Under normative conditions, 
VWM would represent the target template, and the same 
mechanism observed here would facilitate rapid orienting 
to a target. Thus, our results are consistent with theories 
of selection emphasizing that attentional orienting—
including extremely rapid orienting—is contingent on a 
representation of target features (Folk, Remington, & 
Johnston, 1992).

Declaration of Conflicting Interests

The authors declared that they had no conflicts of interest with 
respect to their authorship or the publication of this article.

Funding

The experiments were supported by National Institutes of Health 
Grant R01EY017356.

Supplemental Material

Additional supporting information may be found at http://pss 
.sagepub.com/content/by/supplemental-data

References

Bichot, N. P., & Schall, J. D. (2002). Priming in macaque fron-
tal cortex during popout visual search: Feature-based facil-
itation and location-based inhibition of return. Journal of 
Neuroscience, 22, 4675–4685.

Bundesen, C. (1990). A theory of visual attention. Psychological 
Review, 97, 523–547. doi:10.1037/0033-295X.97.4.523

Bundesen, C., Habekost, T., & Kyllingsbaek, S. (2005). A neu-
ral theory of visual attention: Bridging cognition and 
neurophysiology. Psychological Review, 112, 291–328. 
doi:10.1037/0033-295x.112.2.291

Desimone, R., & Duncan, J. (1995). Neural mechanisms of selec-
tive visual attention. Annual Review of Neuroscience, 18, 
193–222. doi:10.1146/annurev.ne.18.030195.001205

Duncan, J., & Humphreys, G. W. (1989). Visual search and stimulus 
similarity. Psychological Review, 96, 433–458. doi:10.1037// 
0033-295X.96.3.433

Folk, C. L., Remington, R. W., & Johnston, J. C. (1992). Involuntary 
covert orienting is contingent on attentional control settings. 
Journal of Experimental Psychology: Human Perception 
and Performance, 18, 1030–1044. doi:10.1037//0096-
1523.18.4.1030

Fries, W. (1984). Cortical projections to the superior colliculus in 
the macaque monkey: A retrograde study using horseradish 
peroxidase. Journal of Comparative Neurology, 230, 55–76. 
doi:10.1002/cne.902300106

Han, S. W., & Kim, M. S. (2009). Do the contents of work-
ing memory capture attention? Yes, but cognitive control  
matters. Journal of Experimental Psychology: Human 
Perception and Performance, 35, 1292–1302. doi:10.1037/
a0016452

Harrison, S. A., & Tong, F. (2009). Decoding reveals the contents 
of visual working memory in early visual areas. Nature, 458, 
632–635. doi:10.1038/nature07832

Hollingworth, A., & Luck, S. J. (2009). The role of visual work-
ing memory (VWM) in the control of gaze during visual 
search. Attention, Perception, & Psychophysics, 71, 936–949. 
doi:10.3758/APP.71.4.936

Irwin, D. E., & Yeomans, J. M. (1986). Sensory registration and infor-
mational persistence. Journal of Experimental Psychology: 
Human Perception and Performance, 12, 343–360. doi: 
10.1037//0096-1523.12.3.343

Kastner, S., & Ungerleider, L. G. (2000). Mechanisms of visual atten-
tion in the human cortex. Annual Review of Neuroscience, 
23, 315–341. doi:10.1146/annurev.neuro.23.1.315

Kopecz, K., & Schöner, G. (1995). Saccadic motor planning 
by integrating visual information and pre-information on 
neural dynamic fields. Biological Cybernetics, 73, 49–60. 
doi:10.1007/BF00199055

Ludwig, C. J. H., & Gilchrist, I. D. (2002). Stimulus-driven 
and goal-driven control over visual selection. Journal of 
Experimental Psychology: Human Perception and Perfor
mance, 28, 902–912. doi:10.1037//0096-1523.28.4.902

 by Andrew Hollingworth on May 10, 2013pss.sagepub.comDownloaded from 

http://pss.sagepub.com/


796		  Hollingworth et al.

Mannan, S. K., Kennard, C., Potter, D., Pan, Y., & Soto, D.  
(2010). Early oculomotor capture by new onsets driven 
by the contents of working memory. Vision Research, 50, 
1590–1597. doi:10.1016/j.visres.2010.05.015

Marino, R. A., Trappenberg, T. P., Dorris, M., & Munoz,  
D. P. (2012). Spatial interactions in the superior colliculus 
predict saccade behavior in a neural field model. Journal 
of Cognitive Neuroscience, 24, 315–336. doi:10.1162/jocn_ 
a_00139

McPeek, R. M., & Keller, E. L. (2001). Short-term priming, con-
current processing, and saccade curvature during a target 
selection task in the monkey. Vision Research, 41, 785–800. 
doi:10.1016/S0042-6989(00)00287-X

Mulckhuyse, M., Van der Stigchel, S., & Theeuwes, J. (2009). 
Early and late modulation of saccade deviations by target 
distractor similarity. Journal of Neurophysiology, 102, 1451–
1458. doi:10.1152/jn.00068.2009

Mulckhuyse, M., van Zoest, W., & Theeuwes, J. (2008). Capture 
of the eyes by relevant and irrelevant onsets. Experimental 
Brain Research, 186, 225–235. doi:10.1007/s00221-007-
1226-3

Olivers, C. N. L. (2009). What drives memory-driven attentional 
capture? The effects of memory type, display type, and 
search type. Journal of Experimental Psychology: Human 
Perception and Performance, 35, 1275–1291. doi:10.1037/
a0013896

Olivers, C. N. L., Meijer, F., & Theeuwes, J. (2006). Feature-based 
memory-driven attentional capture: Visual working memory 
content affects visual attention. Journal of Experimental 
Psychology: Human Perception and Performance, 32, 1243–
1265. doi:10.1037/0096-1523.32.5.1243

Serences, J. T., Ester, E. F., Vogel, E. K., & Awh, E. (2009). 
Stimulus-specific delay activity in human primary visual cor-
tex. Psychological Science, 20, 207–214. doi:10.1111/j.1467-
9280.2009.02276.x

Soto, D., Heinke, D., Humphreys, G. W., & Blanco, M. J. (2005). 
Early, involuntary top-down guidance of attention from work-
ing memory. Journal of Experimental Psychology: Human 
Perception and Performance, 31, 248–261. doi:10.1037/ 
0096-1523.31.2.248

Soto, D., Humphreys, G. W., & Heinke, D. (2006). Working 
memory can guide pop-out search. Vision Research, 46, 
1010–1018. doi:10.1016/j.visres.2005.09.008

Stanton, G. B., Bruce, C. J., & Goldberg, M. E. (1995). Topography 
of projections to posterior cortical areas from the macaque 
frontal eye fields. Journal of Comparative Neurology, 353, 
291–305. doi:10.1002/cne.903530210

Trappenberg, T. P., Dorris, M. C., Munoz, D. P., & Klein, R. M. 
(2001). A model of saccade initiation based on the competi-
tive integration of exogenous and endogenous signals in the 
superior colliculus. Journal of Cognitive Neuroscience, 13, 
256–271. doi:10.1162/089892901564306

van Zoest, W., Donk, M., & Theeuwes, J. (2004). The role of 
stimulus-driven and goal-driven control in saccadic visual 
selection. Journal of Experimental Psychology: Human 
Perception and Performance, 30, 746–759. doi:10.1037/0096-
1523.30.4.746

Walker, R., Kentridge, R. W., & Findlay, J. M. (1995). Independent 
contributions of the orienting of attention, fixation off-
set and bilateral stimulation on human saccadic latencies. 
Experimental Brain Research, 103, 294–310. doi:10.1007/
BF00231716

White, B. J., Boehnke, S. E., Marino, R. A., Itti, L., & Munoz, D. P. 
(2009). Color-related signals in the primate superior collicu-
lus. Journal of Neuroscience, 29, 12159–12166. doi:10.1523/
jneurosci.1986-09.2009

Wilimzig, C., Schneider, S., & Schöner, G. (2006). The time course 
of saccadic decision making: Dynamic field theory. Neural 
Networks, 19, 1059–1074. doi:10.1016/j.neunet.2006.03.003

Wolfe, J. M. (1994). Guided search 2.0: A revised model of 
visual search. Psychonomic Bulletin & Review, 1, 202–238. 
doi:10.3758/bf03200774

Yoon, J. H., Curtis, C. E., & D’Esposito, M. (2006). Differential 
effects of distraction during working memory on delay-
period activity in the prefrontal cortex and the visual asso-
ciation cortex. NeuroImage, 29, 1117–1126. doi:10.1016/j.
neuroimage.2005.08.024

Zhang, W., & Luck, S. J. (2009). Feature-based attention modu-
lates feedforward visual processing. Nature Neuroscience, 
12, 24–25. doi:10.1038/nn.2223

 by Andrew Hollingworth on May 10, 2013pss.sagepub.comDownloaded from 

http://pss.sagepub.com/


Visual Working Memory Modulates Rapid Eye Movements to Simple Onset Targets 

Andrew Hollingworth, Michi Matsukura, and Steven J. Luck 

 

Supplemental Material 

Supplementary Methods 

Memory stimuli. 1931 CIE color coordinate system values (x, y, and luminance) were 

measured for each color stimulus using a Tektronix model J17 colorimeter [Four reds: x = .53, y 

= .27, 19.0 cd/m2; x = .61, y = .30, 17.8 cd/m2; x = .65, y = .33, 17.7 cd/m2; and x = .63, y = .34, 

19.1 cd/m2; four blues: x = .17, y = .15, 11.8 cd/m2; x = .16, y = .14, 10.0 cd/m2; x = .17, y = .12, 

9.3 cd/m2; and x = .17, y = .10, 8.8 cd/m2; and four greens: x = .32, y = .59, 33.1 cd/m2; x = .30, y 

= .60, 32.2 cd/m2; x = .29, y = .53, 33.1 cd/m2; and x = .26, y = .44, 34.5 cd/m2].  

Supplementary Results 

Eye Movement Results. The data critical to interpreting the experiments are reported in 

the main text. To provide a comprehensive description of saccade behavior, five eye movement 

measures are reported here. For both the target‐only and distractor‐present conditions, we 

report the mean horizontal distance of the saccade landing position from the center of the 

target object (“landing error”), the mean percentage of saccades that landed within 1.5° of the 

center of the target (“landed near target”)1, and the mean latency of the saccade to the target 

for saccades that landed within 1.5° of the target center.2 In addition, for the distractor‐present 

                                                            
1 With a strong tendency to undershoot the target location (see Fig. 1), the proportion of saccades that landed on 
the target was relatively small. Undershoots typically were followed by a corrective saccade to the target. The 
criterion of 1.5° from target center was chosen as capturing the large majority of saccades that had been directed 
successfully to the target object. 
2 Saccade latency analyses over all saccades produced the same pattern of results. 



trials, we report the mean percentage of saccades that landed within 1.5° of the center of the 

distractor (“landed near distractor”) and the mean percentage of saccades that landed closer to 

the distractor than to the target (“closer to distractor”). There was no effect of whether a 

memory match was exact or inexact, and the analyses collapsed across that variable.  

Results and statistical analyses for all five experiments are summarized in the 

Supplementary Table. Landing position distributions for Experiments 3‐5 are displayed in Figure 

S2 (see Fig. 2 of the main article for the distributions in Experiments 1 and 2).  Figure S3 reports 

raw landing position data from every trial in the form of scatterplots for the distractor‐present 

trials of each of the four experiments with a distractor‐present condition. Figure S4 shows the 

saccade latency distributions for each of the five experiments. 

  Memory Results. Participants completed a color‐memory task in Experiments 1, 2, and 5. 

Mean accuracy was 78.5%. Participants completed an orientation‐memory task in Experiment 

3, and mean accuracy was 81.0%. There was no memory task in Experiment 4.  

For color memory performance on target‐only trials of Experiments 1, 2, and 5 there 

was no effect of whether the target matched or did not match the color category in memory, F 

< 1. For distractor‐present trials in Experiments 1 and 2, there was no effect of whether the 

target, distractor, or neither matched the color category in memory, F < 1. In Experiment 3, the 

match between the incidental color of the orientation memory stimulus and the saccade stimuli 

had no effect on orientation memory performance (target only, F < 1; distractor present, 

F(2,22) = 2.07, p = .15). 

However, on match trials of Experiments 1, 2 and 5, there was an effect of whether the 

saccade task stimuli were an exact match for the remembered color value or an inexact match. 



When the saccade target was an exact match, memory performance was significantly higher 

than when the saccade target was an inexact match, both for target‐only trials in Experiments 

1, 2, and 5 [81.5% and 76.1%, respectively, F(1,36) = 25.2, p < .001] and distractor‐present trials 

in Experiments 1 and 2 [82.9% and 76.4%, respectively, F(1,22) = 5.49, p = .03]. There was no 

reliable effect of exact/inextact match of the distractor on distractor‐present trials in 

Experiments 1 and 2 [80.5% and 75.6%, respectively, F(1,22) = 2.73, p = .11], although the 

numerical trend was in the same direction. The influence of the saccade task stimuli on the 

memory test suggests that, at least on some trials, participants chose the color value on the 

two‐alternative memory test that was associated with the saccade target object. This finding is 

not particularly surprising, because saccade target properties are encoded into VWM before 

each saccade 2,3, and participants might have experienced difficulty separating the color values 

of the memory square and saccade target in VWM. 

Experiment 1. 

The key results of Experiment 1 are presented in the main article. Here we report the 

latency results for the distractor‐present trials (Fig. S4). The mean latency of the initial saccade 

was significantly shorter in the target‐match condition (180 ms) than in the no‐match condition 

(213 ms), t(11) = 3.81, p = .003. Mean latency for the distractor match (215 ms) and no‐match 

conditions did not differ, t(11) = 0.34, p = .73. Thus, VWM modulation influenced not only the 

landing position of the initial saccade but also the latency of that saccade when it was directed 

correctly to the target object. 

Experiment 2. 

  Here we report the landing position and latency results for the distractor‐present trials 



(Fig. 2; Fig. S4). When the distractor matched the color in memory, 47.2% of saccades landed 

closer to the distractor than to the target (with 16.4% landing within 1.5° of the distractor 

center). This percentage was significantly greater than the 25.4% of saccades that landed closer 

to the distractor when neither object matched the color in memory (with 5.7% landing within 

1.5° of distractor), t(11) = 4.75, p < .001. The reverse effect was observed when the target 

matched the memory color, with only 11.3% of saccades landing closer to the distractor (and 

only 1.6% landing within 1.5° of distractor), a significantly smaller percentage than that 

observed when neither object matched memory, t(11) = 3.19, p = .009. The mean latency of the 

initial saccade was significantly shorter in the target‐match condition (162 ms) than in the no‐

match condition (186 ms), t(11) = 2.87, p = .02. Mean latency for the distractor‐match (185 ms) 

and no‐match conditions did not differ, t(11) = 0.08, p = .93.  

 Experiment 3. 

  Overall, a matching feature that was incidental to the memory task led to the same 

pattern of effects of memory match, although the effects were somewhat smaller 

(Supplementary Figs. 2 and 4).  

For target‐only trials, there was no effect of target match on the landing position of the 

initial saccade. Mean landing position error was no smaller in the target‐match condition (.78 

degrees) than in the no‐match condition (.72 degrees), t(11) = 1.51, p = .16. However, there 

remained a reliable latency advantage for the target‐match condition (163 ms) over the no‐

match condition (174 ms), t(11) = 3.08, p = .01. 

In the distractor‐present condition, the landing position results produced the same 

pattern as in Experiments 1 and 2, with a memory match reducing the distractor effect when 



the target matched memory and increasing the distractor effect when the distractor matched 

memory. In the distractor‐match condition, 33.6% of saccades landed closer to the distractor 

than to the target (with 11.2% landing within 1.5° of the distractor center). This percentage was 

significantly greater than the 20.1% of saccades that landed closer to the distractor in the no‐

match condition (with 5.2% landing within 1.5° of distractor), t(11) = 2.75, p = .02. When the 

target matched the memory color, 9.8% of saccades landed closer to the distractor (with 2.7% 

landing within 1.5° of distractor), a significantly smaller percentage than that in the no‐match 

condition, t(11) = 3.33, p = .007. The mean latency of the initial saccade was marginally shorter 

in the target‐match condition (188 ms) than in the no‐match condition (210 ms), t(11) = 2.14, p 

= .06. Mean latency for the distractor‐match (225 ms) and no‐match conditions did not differ, 

t(11) = 1.37, p = .20.  

Experiment 4. 

  With no memory test at the end of the trial, and thus no demand to remember the color 

square, all effects of color match on eye movements were eliminated (Supplementary Figs. 2 

and 4). Thus, mere exposure to a particular color has no observable effect on saccade targeting. 

The effects observed in previous experiments therefore appear to depend on the active 

maintenance of object features in VWM. 

For target‐only trials, mean landing position error was no smaller in the target‐match 

condition (.59 degrees) than in the no‐match condition (.57 degrees), t(11) = 1.35, p = .21. 

There was no latency difference between the target‐match condition (177 ms) and the no‐

match condition (177 ms). 

For distractor‐present trials, 8.7% of saccades in the distractor‐match condition landed 



closer to the distractor than to the target (with 0.9% landing within 1.5° of the distractor 

center), which did not differ from the 7.8% of saccades that landed closer to the distractor in 

the no‐match condition (with 0.5% landing within 1.5° of distractor), t(11) = 0.62, p = .55. In the 

target‐match condition, 7.6% of saccades landed closer to the distractor (with 0.9% landing 

within 1.5° of distractor), which again did not differ from the no‐match condition, t(11) = 0.13, p 

= .90. The mean latency of the initial saccade was no shorter in the target‐match condition (212 

ms) than in the no‐match condition (209 ms), t(11) = 0.61, p = .55. Mean latency for the 

distractor‐match condition (211 ms) was no longer than in the no‐match condition, t(11) = 0.42, 

p = .68. 

Experiment 5. 

  The results replicated those in the target‐only trials of Experiment 1 (Supplementary 

Figs. 2 and 4). Mean landing error was reliably smaller in the target‐match condition (.69 

degrees) than in the no‐match condition (.79 degrees), t(14) = 3.35, p = .004. There was also a 

reliable latency advantage for the target‐match condition (159 ms) over the no‐match condition 

(172 ms), t(14) = 3.96, p = .001.   



Supplementary  Table 
 
Landing position  and saccade  latency data for each experiment.  Target‐match and distractor‐match conditions were 

compared with the no‐match control  condition.  The p  value of each contrast  (df = 11) is coded as follows: * p  < .10, 

** p  < .05, *** p  < .01. For the Distractor  Present Trials,  the p value  from the one‐way,  repeated measures ANOVA (df 

= 2,11) over all three match conditions  is listed  in brackets below  the data. 
 

  Landing Error 

(degrees) 

Landed Near 

Target  (%) 

Landed Near 

Distractor  (%) 

Closer  to 

Distractor  (%) 

Saccade 

Latency  (ms) 

Experiment  1           

Distractor Absent 

Target Match 

 
0.76 **  88.2 *  ‐‐  ‐‐ 

 
148 *** 

No Match  0.87  86.1 ‐‐ ‐‐ 159
 

Distractor  Present           

Target Match  0.86 ***  90.1 ***  0.5 **  6.0 ***  180 *** 

No Match  1.33  77.1  2.0  15.2  213 

Distractor Match  2.94 ***  46.6 ***  11.5 ***  47.3 ***  215 

  [< .001]  [< .001]  [< .001]  [< .001]  [< .001] 

Experiment  2 
 

Distractor Absent 

Target Match  0.86  85.9  ‐‐  ‐‐  125 *** 

No Match  0.90  84.5 ‐‐ ‐‐ 136
 

Distractor  Present 

Target Match  1.29 **  81.3 **  1.6 **  11.3 ***  162 *** 

No Match  1.89  66.3  5.7  25.4  186 

Distractor Match  3.04 ***  42.1 ***  16.4 ***  47.2 ***  185 

  [< .001]  [< .001]  [< .001]  [< .001] 

Experiment  3 
 

Distractor Absent 

Target Match  0.78  89.2  ‐‐  ‐‐  163 ** 

No Match  0.72  91.3 ‐‐ ‐‐ 174
 

Distractor  Present 

Target Match  1.05 ***  84.5 ***  2.7 **  9.8 ***  188 * 

No Match  1.54  70.7  5.2  20.1  210 

Distractor Match  2.20 **  61.7 *  11.2 **  33.6 **  225 

  [< .001]  [< .001]  [.006]  [< .001]  [.03] 

Experiment  4 
 

Distractor Absent 

Target Match  0.59  93.6  ‐‐  ‐‐  177 

No Match  0.57  94.4 ‐‐ ‐‐ 177
 

Distractor  Present 

Target Match  0.85  88.7  0.9  7.6  212 

No Match  0.86  87.5  0.5  7.8  209 

Distractor Match  0.85  87.2  0.9  8.7  211 

  [.99]  [ .73]  [.86]  [.67]  [.81] 

Experiment  5 
 

Distractor Absent 

Target Match  0.69 **  90.3 **  ‐‐  ‐‐  159 ** 

No Match  0.79  86.7  ‐‐  ‐‐  172 
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Figure S1. Sample memory stimulus (left) and test stimuli (right) for Experiment 3.
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Figure S2. A, B, and C. Distributions of saccade error and landing position eccentricity for the target-only trials of
Experiments 3, 4, and 5. D and E. Landing position eccentricity for the distractor-present trials of Experiments 3 and 4. The
corresponding data for Experiments 1 and 2 are presented in Figure 2 of the main article.
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Figure S3. Landing position scatterplots for each of the three distractor present conditions in 
Experiments 1-4. Data have been normalized for depiction as a trial on which the target appeared on the 
right and the distractor appeared above central fixation.
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Figure S4. Distributions of saccade latency for the target-only (left column) and distractor-present (right 
column) trials of each of the five experiments.
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