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Abstract
When we respond to a stimulus, our ability to quickly execute this response depends on how combinations of stimulus and
response features match to previous combinations of stimulus and response features. Some kind of memory representations must
be underlying these visuomotor repetition effects. In this paper, we tested the hypothesis that visual working memory stores the
stimulus information that gives rise to these effects. Participants discriminated the colors of successive stimuli while holding
either three locations or colors in visual working memory. If visual working memory maintains the information about a previous
event that leads to visuomotor repetition effects, then occupying working memory with colors or locations should selectively
disrupt color–response and location–response repetition effects. The results of two experiments showed that neither color nor
spatial memory load eliminated visuomotor repetition effects. Since working memory load did not disrupt repetition effects, it is
unlikely that visual working memory resources are used to store the information that underlies visuomotor repetitions effects.
Instead, these results are consistent with the view that visuomotor repetition effects stem from automatic long-term memory
retrieval, but can also be accommodated by supposing separate buffers for visual working memory and response selection.
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When we make a response to a stimulus, the speed of that
response is dependent on whether stimulus properties repeat
across trials. However, such repetition effects can depend on
whether the response repeats as well, such that the repetition
of feature–response pairings affects speeded responses. For
example, if the location of a stimulus repeats along with the
response to the previous stimulus across subsequent trials,
observers’ response times (RTs) are faster than if one of these
two features (location or response) changes across back-to-
back trials. Given that these visuomotor repetition effects are
defined as an effect of the past on present behavior, some kind
ofmemory storage must be at work. The goal of this study was
to test the hypothesis that visual working memory stores the

representations that cause visuomotor repetition effects.
Before discussing the potential role of visual workingmemory
in visuomotor repetition effects, we will briefly review what
they are and how they are explained.

Visuomotor repetition effects are one of many kinds of
repetition effects that can be observed in speeded decision-
making. Repetition of a stimulus location (inhibition of return:
Posner & Cohen, 1984; position priming: Maljkovic &
Nakayama, 1994), repetition of stimulus category, color, or
shape (stimulus repetition effect: Pashler & Baylis, 1991;
priming of pop-out: Maljkovic & Nakayama, 1994), and rep-
etition of the motor response (response repetition effect:
Bertelson, 1965) can independently affect the speed of re-
sponses. However, whether the repetition of a single stimulus
feature (such as the location or color of a stimulus) affects
response time often depends on whether the response also
repeats (Hommel, 1998; Hommel, Proctor & Vu, 2004;
Hommel, Memelink, Zmigrod, & Colzato, 2014;
Kleinsorge, 1999; Rothermund, Wentura, & De Houwer,
2005). These visuomotor repetition effects have been ex-
plained by the theory of event coding, as we describe next.

The theory of event coding borrows the concept of
incidental feature-binding from object-file theory
(Kahneman, Treisman, & Gibbs, 1992) and includes re-
sponse codes as features that can be bound with stimulus
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codes into what are called event files (Henson, Eckstein,
Waszak, Frings, & Horner, 2014; Hommel, 1998, 2005;
Hommel & Colzato, 2004; Hommel et al., 2004; ). The
core idea is that responding to a stimulus causes features
of that stimulus (i.e., its location, color, or shape) to be
automatically associated with, or bound to, the response
codes that co-occurred during that stimulus-processing ep-
isode. These event files can then influence how quickly
we can respond to a subsequent stimulus, leading to par-
tial repetition costs. Partial repetition costs occur when a
current event contains information that partially matches
an event file. For example, producing a response to a
leftward stimulus requiring an index-finger response is
typically slower after having recently produced a
middle-finger response to a leftward stimulus. This is be-
cause, in this case, the left location code is bound to the
index response code in the current event file, and this
binding must be updated to produce the correct response
(Hommel, 2004). When all stimulus and response features
repeat, the match between the current event and the fea-
tures in an event file can facilitate response time, although
in some cases response times are no faster than when no
features match (a full switch; Hommel, 1998). Whether or
not full-repeats facilitate responding relative to the intui-
tive baseline of full-switches may depend on the number
of feature–response alternatives, as many-to-one
stimulus–response mappings tend to show full-repeat ad-
vantages (cf. Experiments 1 and 2 from Hilchey, Rajsic,
Huffman, & Pratt, 2017a).

Despite considerable research, there have been few inves-
tigations into what memory system stores event files. On the
one hand, the event files that lead to visuomotor repetitions
effects are hypothesized to be relatively transient, which may
suggest that a temporary information storage system is respon-
sible (Hommel, 2004; Hommel & Colzato, 2009; see
Hommel, 2019, for a recent summary of this proposal). Such
transience is supported by the findings that the magnitude of
visuomotor repetition effects does not appear to depend on the
relative frequency of specific feature combinations (Colzato,
Raffone, & Hommel, 2006), and that manipulations that in-
crease repetition effects do not necessarily lead to larger inci-
dental stimulus–response learning (Moeller & Frings, 2017).
In other words, incidental associations between features of
events seem not to be represented in long-term memory.
More broadly, Pashler and Baylis (1991) found that
stimulus–response repetition effects were strongest when a
specific stimulus repeated rather than just the response cate-
gory, but that practice-related response-time improvements
were more categorical, which implies that repetition effects
are driven by different codes than learning effects. Thus,
broadly speaking, repetition effects may occur at least partly
because the most recently used stimulus–response link is still
actively maintained in working memory between successive

decisions (Oberauer, 2009; Schneider & Anderson, 2011). If
this is the case, a concurrent working memory load ought to
disrupt these repetition effects. It is also, however, plausible
that repetition effects are largely independent of working
memory. Rather, the repetition effects may reflect the more
or less automatic consequence of stimulus processing, and
dual-route models of performance tend to associate automa-
ticity with long-term memory (Logan, 1990). Consistent with
this possibility, visuomotor repetition effects are robust even
when people have to make decisions about one or more stim-
uli in between two sequentially presented stimulus events
(Hilchey et al., 2017a; Rajsic, Bi, & Wilson, 2014; Wilson,
Castel, & Pratt, 2006), similar to stimulus–task bindings
(Pösse, Waszak, & Hommel, 2006; Waszak, Hommel, &
Allport, 2003). If repetition effects depend instead on memory
resources that do not overlap with working memory, then we
should see that working memory load leaves repetition effects
just as potent as in the absence of load.

The logic of our tests is simple; we will fill visual work-
ing memory with different types of feature information to
assess whether this knocks out the visuomotor repetition
effects. That is, the present design takes advantage of the
fact that visual working memory is highly capacity limited
(Luck & Vogel, 1997; Cowan, 2001). As such, if informa-
tion about previous stimulus features and locations is repre-
sented using these limited-capacity resources, then requir-
ing participants to maintain additional stimulus information
in visual working memory should interfere with the main-
tenance of a previous target’s location or color, thus reduc-
ing or eliminating the repetition effects. Furthermore, if
visuomotor repetition effects involve codes stored in visual
working memory, then it should be possible to selectively
disrupt location–response repetition effects and color–
response repetition effects using location and color memory
load, respectively. We expect this selective disruption be-
cause storage of color and location in working memory ap-
pears to depend on which features are task relevant
(Woodman & Vogel, 2008; Woodman, Vogel, & Luck,
2012, but see Olson, Jiang, & Chun, 2000). To test whether
visuomotor repetition effects are supported by visual work-
ingmemory resources, we conducted two experiments, each
of which required two-alternative forced-choice color dis-
crimination responses to sequentially presented stimuli in
the presence or absence of visual working memory load (see
Fig. 1). In addition to varying the presence of visual work-
ing memory load, we varied whether participants were re-
quired to maintain locations or colors in memory to assess
whether the type of working memory load would selectively
disrupt the visuomotor repetition effects. To preview our
results, both experiments indicated that visuomotor repeti-
tion effects were robust against visual working memory
loads, suggesting that visual working memory is not respon-
sible for visuomotor repetition effects.
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Experiment 1

Experiment 1 provided a first test of the role of visual working
memory in visuomotor repetition effects. Participants com-
pleted a discrimination task where they made key-press re-
sponses to serially presented target colors appearing randomly
at one of two locations, with and without a concurrent mem-
ory load. More specifically, trials consisted of two tasks: a
change detection task and a target discrimination task. Each
trial started with an array of colored rectangles, which either
required memorization (until the end of the trial) or not. This
was followed by two sequentially presented colored rectan-
gles, each randomly left or right of fixation, with both requir-
ing an arbitrary key-press discrimination response (e.g., index
finger for green and blue, middle finger for red and purple)
and with the appearance of the second being temporally con-
tingent on the response to the first. Onmemory load trials, one
group of participants was instructed to remember the locations
of three colored squares that appeared at the beginning of
trials, whereas another group was instructed to remember their
colors for a memory probe task that occurred after the two
sequentially presented colored rectangles. The to-be-
remembered colors and locations were always different than
the target colors and locations used in the key-press discrim-
ination task. Visuomotor repetition effects were measured for
color–response combinations (same color/same response, dif-
ferent color/same response, and different color/different

response) and location–response combinations (same
location/same response, different location/same response,
and different location/different response).

Method

Participants

Thirty-five undergraduates enrolled in a first-year psychology
course at the University of Toronto volunteered to participate
for either course credit or monetary compensation ($10).
Seventeen participants completed the color WM version of
our task, and eighteen participants completed the spatial
WM version of our task. All participants provided informed
consent before participating. The average participant age was
20.4 years (SD = 2.2), and 25 participants were female.

Stimuli and apparatus

Stimuli were displayed on the black background (RGB: 0, 0,
0) of a 17-in. CRT monitor, which was connected to a Dell
computer running custom Python software. Head positionwas
stabilized with a chin and head rest 50 cm from the monitor.
Responses were made on a standard QWERTY keyboard.
During experimental trials, there was always a fixation stim-
ulus, a white crosshair (0.15° × 0.15° of visual angle), at the
center of the monitor.

Fig. 1 Illustration of a sample trial from Experiment 1. Stimuli are not drawn to scale. The memory probe array depicts a different location, same color
probe
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Memory preview displays Three preview colors (1.00° ×
1.00° filled squares) were randomly selected, without
replacement, from a list that included white, orange,
yellow, khaki, brown, and slate gray. These colors ap-
peared at locations on the circumference of an imagi-
nary circle (radius = 4.00°) that was centered on fixa-
tion. The color locations were randomly selected, with-
out replacement, from a list of polar coordinates that
included 30°, 60°, 90°, 120°, 150°, 210°, 240°, 270°,
300° and 330°. Importantly, the potential locations of
color targets were not included in the set of potential
memory preview locations. No key-press responses were
made during this display.

Color target displays One gray outline box (1.00° × 1.00°)
appeared at the center of the display, and two additional out-
line boxes were positioned 4.00° away from center on the left
(180° in polar coordinates) and right side (0° in polar coordi-
nates). Target colors were red, green, blue and purple. The left
or right outline box was filled with the target color. Two colors
were responded towith the “o” key (right index finger) and the
other two were responded to with the “p” key (right middle
f i nge r ) . The se co lo r– r e spon se mapp ings we re
counterbalanced across participants.

Memory probe displays A single probe color (1.00° ×
1.00° filled square) appeared at one of the possible loca-
tions in the memory preview display. On half of all tri-
als, the memory probe appeared at the same location as a
preview color, and on the other half it appeared random-
ly at one of the unused preview locations. On half of all
trials, the probe was the same color as a preview color
and on the other half it was one of the unused preview
colors. Depending on the condition, participants made
either no response to the probe (control), or indicated
whether the preview and probe color or location matched
(“q” key, left middle finger; “w” key, left index finger
for mismatch) in the visual and spatial working memory
conditions, respectively.

Trial feedback displays All trials ended with two feedback
displays. The first feedback display indicated whether an error
had been made to the target colors. If an error was made, an
error message appeared along with the color–response map-
pings. If there were no errors, the message “Successful target
identifications” appeared. The second feedback display, which
applied only to the memory conditions, indicated whether a
correct response was made to the memory probe. If an error
was made, an error message appeared along with the probe–
response mappings. If there was no error, the message
“Successful memory” appeared. All feedback was displayed
in white font, was centered on the display and was acknowl-
edged with the spacebar.

Procedure

Possible trial sequences are illustrated in Fig. 1. Each trial
began with the appearance of the fixation cross. Half a second
later, the memory preview display appeared for 500 ms. In the
color working memory condition, participants were told to
remember the preview colors without verbalizing them.
Participants were also informed that (1) the preview locations
were irrelevant, (2) there was a 50% chance that the memory
probe color would match a memory preview color, and (3) the
target colors were never preview or probe colors. In the spatial
working memory condition, participants were told to remem-
ber the preview color locations without verbalizing them.
Participants were also informed that (1) the preview colors
were irrelevant, (2) there was a 50% chance that the memory
probe color would match a memory preview color and a 50%
chance that the memory probe location would match a mem-
ory preview location, and (3) the target locations were never
preview or probe locations. In the control condition, partici-
pants were told that both the memory preview and probe dis-
plays were completely meaningless and should be ignored.

Half a second after the disappearance of the memory pre-
view display, the gray outline boxes appeared, which signaled
the beginning of the color target displays. The first target color
appeared 500 ms later, in either the left or right box. After the
response, the target disappeared. One and a half seconds later,
the second target color appeared, in either the left or right box.
After the response, the target and outline boxes disappeared.
Each target color and location was randomly selected, of
which all participants were duly informed. Participants were
told to keep their gaze on the fixation stimulus at all times and
that their goal was to respond as quickly and accurately as
possible to the colors.

Half a second after the disappearance of the color target
displays, the memory probe display appeared. In the control
condition, the memory probe display remained onscreen for
750 ms, after which the probe disappeared and trial feedback
appeared. In the working memory conditions, the memory
probe display remained onscreen until a response was made,
after which the feedback screen appeared. There was a 500-ms
black screen between trials. Participants were told that the goal
was to respond as accurately possible to memory probes.

Design

Each participant performed the control condition first, as pilot
testing revealed that participants found it very difficult to learn
the arbitrary color–response mapping and remember the items
in the memory preview display at the same time. Half of the
participants completed the visual working memory condition
after the control condition, whereas the other half completed
the spatial working memory condition after the control. Each
condition comprised 192 experiment trials. Prior to the
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experimental trials, each participant practiced, and was free to
ask questions to the experimenter (M.D.H.), until they were
ready to begin. Data from practice trials were not recorded.

Analysis

In analyzing RT data, we first excluded participants whose
overall memory performance was not statistically different
from chance performance (57.29%, n = 2, both from the color
memory condition). Following that, we excluded trials with
target errors on the color target displays, which accounted for
5.4% of trials. Next, any trial with a RT to the first target or
second target that were 2.5 standard deviations above or be-
low each participant’s mean response times to the first and
second color targets, respectively, were excluded as outliers,
which accounted for 2.4 and 2.5% of the total trials, respec-
tively. Finally, we only analyzed RTs on trials with correct
memory responses (75.5% of all trials), to help ensure that
the preview stimuli were indeed in working memory.
Memory accuracy for included participants was 69.9% (SD
= 10.5%) in the color load condition and 80.2% (SD = 7.5%)
in the location load condition. Overall, 80% of trials were
retained for analysis. First and second target accuracy on trials
with target response errors included (but other exclusion
criteria applied) was near ceiling, Mfirst = 97.3, SDfirst =
1.5% Msecond = 97.6%, SDsecond = 1.9%.

Results

MeanRTs are shown in Fig. 2. The workingmemory loads did
not reduce either the color–response repetition effect (i.e., the
main effect of stimulus–response repetition) or the location–
response repetition effect (i.e., the interaction between loca-
tion repetition and stimulus–response repetition). In fact,
working memory load increased the stimulus–response repe-
tition effect (for both location and color load), which is the
opposite of what one would expect if event files were held in

working memory. These findings suggest that visual working
memory does not maintain the representations underlying the
speeding of RTs due to repetitions.

The data were analyzed with a mixed-model ANOVA,
with load type (color or spatial) as a between-subjects
factor and load (present or absent), location repetition (re-
peat or switch), and color–response repetition (both re-
peat, response repeat, both switch) as within-subjects fac-
tors. Greenhouse–Geisser corrections were applied when
sphericity assumptions were violated, though these cor-
rections did not change any inferences. We first checked
that the expected visuomotor repetition effects were elic-
ited in this task. Color–response repetitions affected RTs,
F(1.61, 50.00) = 55.32, p < .001, ηp

2 = .64, with faster
RTs when the color and response repeated than when only
the response repeated or when neither repeated. Location
repetition reduced RTs overall, F(1, 31) = 4.68, p = .04,
ηp

2 = .13, but its effect differed in combination with re-
sponse repetition, F(1.62, 50.10) = 33.69, p < .001, ηp

2 =
.52. As expected, location repetitions speeded RT when
the response repeated, but slowed it when the response
switched. Thus, we indeed observed the visuomotor rep-
etitions effects that we sought to selectively reduce via
working memory load.

We next checked whether memory load of either type
(location or color) affected visuomotor repetition effects.
Memory load slowed overall RTs, F(1, 31) = 23.35, p <
.001, ηp

2 = .43, but only interacted weakly with color–
response repetition, F(2, 62) = 3.20, p = .05, ηp

2 = .09. As
is shown in Fig. 2, color–response repetition was slightly
more advantageous to performance with than without mem-
ory load. Without memory load, color–response repetitions
were 98 ms (SE = 24 ms) faster than partial repetitions, but
with memory load, color–response repetitions were 121 ms
(SE = 45 ms) faster than partial repetitions. Load did not
interact with location repetition, F(1, 31) = 0.03, p = .88,
ηp

2 = .001, nor did it interact with the location–response
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repetition effect (that is, the location × color–response rep-
etition effect), F(2, 62) = 0.55, p = .58, ηp

2 = .02. Thus,
adding a memory load did not reduce visuomotor repetition
effects, and in the case of color–response repetition effects,
may have instead increased them.

Most critically for the present study, the type of load made
little to no difference to any of the repetition effects, location ×
load type: F(1, 31) = 3.04, p = .09, ηp

2 = .09; color–response
repetition × load type: F(1.61, 50.00) = 1.76, p = .19, ηp

2 =
.05; color–response repetition × location repetition × load
type: F(1.62, 50.10) = 0.46, p = .59, ηp

2 = .02; location repe-
tition × load × load type: F(1, 31) = 0.14, p = .72, ηp

2 = .004;
color–response repetition × load × load type: F(2, 62) = 0.01,
p = .99, ηp

2 < .001; location repetition × color–response rep-
etition × load × load type: F(2, 62) = 1.01, p = .37, ηp

2 = .03.
This shows that neither the specific kind of information being
remembered, nor the instruction to attend to one dimension,
affected the robustness of repetition effects. Load type also did
not affect overall response time, F(1, 31) = 0.18, p = .68, ηp

2 =
.006, and there was no load × load type interaction either, F(1,
31) = 1.32, p = .26, ηp

2 = .041.
We conducted two additional analyses; one to independent-

ly assess the robustness of the visuomotor repetition effects
with and without working memory load and another to assess
the likelihood of there being no interaction between working
memory load and visuomotor repetition effects. First, we an-
alyzed our data separately for the no load and memory load
conditions to ensure that visuomotor repetition effects robust-
ly occurred in both conditions. They did: With no memory
load, color–response repetition had a strong effect on RT,
F(1.50, 46.36) = 49.68, p < .001, ηp

2 = .62, and it interacted
with location repetition, F(2, 62) = 27.47, p < .001, ηp

2 =.47.
The same was true with memory load. Color–response repe-
tition strongly affected RT, F(2, 62) = 48.32, p < .001, ηp

2

=.61, and it interacted with location repetition, F(1.66, 51.51)
= 14.89, p < .001, ηp

2 =.32. A careful reader may notice that
the ηp

2 for the location–response repetition effect in the mem-
ory condition is about half of that of the no-memory condition.
However, this is due to noisier data, as the mean squared value
for this interaction effect is actually larger in the memory
condition (0.05, compared with 0.03 in the no-load condition).
Our second approach was to calculate Bayes factors using
JASP (JASP Team, 2018) for the critical interaction effects.
Specifically, we used the Bayes factor for inclusion, which
estimates the change in prior probability to posterior probabil-
ity (given the data) of the set of models including a particular
effect. The BFinclusion estimate for the load × location repeti-
tion × color–response repetition was 0.013, meaning that this
effect was 76.92 times more likely to not exist. Similarly,
the BFinclusion estimate for the four-way interaction (in-
cluding load type) was 6.032 × 10-6, meaning it is 1.66
× 105 times more likely that this interaction does not
exist. Thus, we believe the data compel a rejection of

the hypothesis that representations in visual working
memory underlie these repetition effects.

It is possible that visual working memory load did re-
duce color–response and location–response repetition ef-
fects by way of reducing target–response errors instead of
RT, or by affecting how many locations and/or colors
could be remembered. Before proceeding we note that this
analysis should be read with caution, as the low error
rates led to some observations being at ceiling (i.e.,
100% performance), which artificially restricts variability
and can produce spurious differences. Two conditions
contained zero errors, and thus zero variability. The mean
error rates for each condition can be seen in Fig. 3.

We found evidence that both color–response repetition,
F(1.54, 47.65) = 38.18, p < .001, ηp

2 =.55, and location–
response repetition, F(2, 62) = 21.49, p < .001, ηp

2 =.41,
affected errors as they affected response time. However, with
respect to color–response repetition, partial repetitions led to
uniquely high error rates, unlike with response times. Location
switches led to higher errors overall, F(1, 31) = 11.49, p =
.002, ηp

2 =.27, although this is best interpreted in light of the
location–response repetition effect, as partial repetitions of
location–response bindings (specifically, repeating a response
to a target in a new location) seem to be driving this main
effect. The location repetition effect interacted with load type,
F(1, 31) = 5.92 p = .02, ηp

2 = .16, such that a location switch
affected errors more for color-load participants. Load also
interacted with location repetition, such that location repeti-
tion mattered more with memory load than without load, F(1,
31) = 7.05, p = .012, ηp

2 = .19. The location–response repeti-
tion effect interacted with load type, F(2, 62) = 2.94, p = .06,
ηp

2 = .09, such that it was most pronounced for participants in
the color load condition. Finally, load and load type interacted,
F(1, 31) = 5.92, p = .02, ηp

2 = .16, such that spatial memory
load lowered, but color memory load slightly increased errors.
As is evident in Fig. 3, this is largely attributable to the unique-
ly low error rates when target location repeated in the spatial
memory load condition. Additionally, a Bayesian ANOVA
revealed that the BFinclusion for the memory load × color–
response repetition × location–response repetition effect was
0.06, meaning a null effect was 16.67 times more probable,
and the BFinclusion for the four-way interaction (including load
type) was 1.25 × 10-4, meaning a null effect was 8, 000 times
more probable. In sum, the accuracy data do not support a
reduction in the potency of color–response or location–
response repetitions in producing errors under load.

Additionally, we analyzed the effect of repetition type on
change-detection performance. Change detection perfor-
mance was quantified as Cowan’s k using the equation N ×
(HR − FAR), where N is the number of to-be-remembered
items and HR and FAR are the hit rate and false alarm rate,
respectively (Rouder, Morey, Morey, & Cowan, 2011). These
data are shown in Fig. 4. While there was an effect of load
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type, F(1, 31) = 8.32, p = .007, ηp
2 = .21, reflecting the lower

capacity estimates for color memory, there were no effects of
color–response repetition, F(2, 62) = 1.71, p = .19, ηp

2 = .05,
location repetition, F(1, 31) = 0.22, p = .64, ηp

2 = .007, or
location–response repetition, F(2, 62) = 0.42, p = .66, ηp

2 =
.01. Load type did not interact with location repetition, F(1,
31) = 0.24, p = .63, ηp

2 = .008, or color–response repetition,
F(2, 62) = 0.65, p = .53, ηp

2 = .02, nor with location–response
repetition, F(2, 62) = 1.90, p = .16, ηp

2 = .06. A Bayesian
ANOVA revealed that the null model was 4.24 times more
likely than the next best model (a main effect of color–
response repetition).

Discussion

Experiment 1 showed little to no direct relationship between
visual working memory and the repetition effects (location
repetition × response repetition; color–response repetition)
that occur when serially presented stimuli are discriminated.
If such information was stored in visual working memory,
concurrent memory load ought to have selectively eliminat-
ed visuomotor repetition effects depending the information
(location or color) held in visual working memory. Instead,
both color–response and location–response repetition ef-
fects were robust against, and largely unaltered by, visual
working memory load.

However, the design of Experiment 1 had some drawbacks.
First, memory load (but, critically, not load type) was con-
founded with block order, in that participants always complet-
ed the memory load trials in the second half of the experiment.
We did this for practical reasons, but it is a concern no less.
Second, the memory load was imposed before the two dis-
crimination stimuli were presented. It is possible that attend-
ing to the first discrimination stimulus caused its color and
location to be obligatorily encoded into working memory
(Bundesen, 1990), displacing stored colors or locations from
the memory array presented at the beginning of the trial and
remaining in visual working memory until the second target
stimulus appeared. If this were the case, then visual working
memory representations might still underlie visuomotor repe-
tition effects. Experiment 2 addresses these concerns.

Experiment 2

Experiment 2 modified the design of Experiment 1 in two
ways. First, we varied memory load randomly across trials
by always presenting a memory array, and cuing participants
at the outset of each trial to either remember or ignore the
array. Second, the memory array was presented in between
the two discrimination stimuli. Hilchey et al. (2017a, 2017b)
have shown that location–response repetition effects are
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largely unaltered by intervening stimulus events, and so we
expect that we will be able to observe them even though the
display interrupts the sequence of discrimination stimuli com-
pared with Experiment 1.

Method

Participants

Fifty-two participants from the Vanderbilt community
completed Experiment 2 for course credit. Twenty-eight
participated in the color memory condition, and 24 partic-
ipants completed the location memory condition. In both
conditions, participants were run until 24 participants
remained after exclusion criteria were applied (see
Results). All participants provided informed consent be-
fore participating. The average participant age was 19.4
years (SD = 1.2), and 28 participants were female.

Stimuli, apparatus, and procedure

Stimuli were presented to participants on ASUS VG248 LED
monitors using Mac mini computers. Responses were collect-
ed using standard USB keyboards. Stimuli were generated
using MATLAB and the Psychophysics toolbox (Kleiner
et al., 2007). Stimulus sizes were calculated to match those
of Experiment 1 using the new apparatus and viewing distance
of approximately 80 cm. The only new display type used was
the cue display used at the beginning of the trial that instructed
participants about whether or not they should complete the
memory task on a given trial. All other displays were drawn
to match those in Experiment 1. A schematic depiction of a
trial is shown in Fig. 5.

Cue displays Each trial began with a word cue that instructed
participants about whether or not they should remember the
three colors or locations presented in the memory displays on
that trial. These word cues were Remember and Ignore, re-
spectively, printed in the center of the screen in 24-point Arial
font. Cue displays lasted for 500 ms.

The overall sequence of events in the trial was as fol-
lows: 500 ms of a black screen; 500 ms of a cue display;
500 ms of a black screen with a single fixation cross;
500 ms of empty placeholders; the first peripheral color
target, presented until a response was entered; the memo-
ry display, presented for 500 ms; the empty placeholder
display, presented for 500 ms; the second peripheral color
target, presented until responses; and the memory test dis-
play, presented until response on memory trials and for
750ms for ignore trials. After a trial was completed, par-
ticipants were informed of their accuracy for each re-
sponse, and pressed the space bar to initiate the next trial.
Participants completed 20 trials of practice on the color

target task alone to acquaint themselves with their ran-
domly generated S–R mapping. The practice phase was
repeated if participants made three or more response er-
rors. Following practice, participants completed 384 trials
where each condition was randomly intermixed, with
three repetitions of each combination of memory load,
target 1 location, target 2 location, target 1 color, and
target 2 color. Breaks were given every 50 trials.

Analysis

Four participants were excluded for having memory perfor-
mance that could not be distinguished from chance
(<57.29%), all of whom had completed the color memory
condition. For the remaining participants, average response
times for the second color targets were calculated for each
condition, excluding trials where the first or second color
response was slower or faster than 2.5 standard deviations
of all target responses (3.0% for the first color response,
2.5% for the second), and where an error in any response
was made (5.0% in target responses, 24.3% errors in mem-
ory responses). Overall, 79.2% of all trials were retained for
analysis. Memory accuracy in the color load condition was
71.3% (SD = 6.8%) and 80.1% (SD = 9.3%) in the location
load condition. Again, accuracy for both first-target and
second-target responses on trials with target response errors
included (but other exclusion criteria applied) was near ceil-
ing after exclusions were applied, Mfirst = 97.6%, SDfirst =
2.1%, Msecond = 97.3%, SDsecond = 2.2%.

Results

Mean RTs are shown in Fig. 6. These findings replicate the
hypothesis-pertinent results of Experiment 1, in that RTs
were slower in the dual-task condition in which the working
memory load was maintained, but the memory load did not
reduce visuomotor repetition effects, selectively or other-
wise. The relative insensitivity of the visuomotor repetition
effects to working memory load again indicate that these
repetition effects are not due to working memory storage.
A mixed-model ANOVA showed three repetition effects:
color–response repetition speeded responses, F(1.71,
78.85) = 80.65, p < .001, ηp

2 = .64, as did location repeti-
tions, F(1, 46) = 27.48, p < .001, ηp

2 = .37, but the latter
depended on response repetition, F(2, 92) = 15.50, p < .001,
ηp

2 = .25, as in Experiment 1 and elsewhere (Hilchey et al.,
2017a, b). Thus, we again were successful in measuring
visuomotor repetitions effect in this task.

With respect to working memory’s involvement in
visuomotor repetition effects, memory load slowed responses
overall, F(1, 46) = 94.91, p < .001, ηp

2 = .67, and may have
increased the magnitude of the overall location repetition bene-
fit, F(1, 46) = 3.02, p = .09, ηp

2 = .06, potentially reflecting a
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reduction in IOR (Castel, Pratt, & Craik, 2003), which we know
to be overshadowed by visuomotor repetition effects (Hilchey,
Rajsic, Huffman, Klein, & Pratt, 2018), but this did not interact
with load type, F(1, 46) = 0.56, p = .46, ηp

2 = .01. Color load
seemed to slow responsesmore than location load, but this effect
was not significant, F(1, 46) = 2.79, p = .10, ηp

2 = .06. Load did
not affect the color–response repetition effect overall, F(2, 92) =
1.21, p = .30, ηp

2 = .03, but memory load may have selectively,
albeit weakly, modulated the size of the color–response repeti-
tion effect, as indicated by a memory load × load type × color–

response interaction,F(2, 92) = 2.58, p= .08,ηp
2 = .03, such that

difference in RT between the partial matching condition (differ-
ent color, same response) and the full switch condition (different
color, different response) was larger under color memory load
than location memory load. Interestingly, load type affected
color–response repetition effects even when the memory array
was irrelevant,F(1.45, 66.48) = 3.67, p = .04, ηp

2 = .07, albeit in
a different way: the benefit of color–response repeats over the
other two color–response conditions was larger under location
than color memory instructions. The fact that load type affected

Fig. 5 Illustration of a sample trial fromExperiment 2. Stimuli are not drawn to scale. The first event of each trial was either “remember” or “ignore.”The
memory probe array depicts a different location, same color probe
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color–response repetition effects even when the load was irrele-
vant makes it difficult to attribute this interaction to memory
load per se. Critically, memory load did not modulate the
location–response repetition effect, F(2, 92) = 0.06, p = .94,
ηp

2 = .001, nor did it modulate it differently when load type
was considered, F(2, 92) = 0.52, p = .60, ηp

2 = .011.
Considered separately from whether or not the memory sample
needed to be remembered, load type showed a trend of an inter-
actionwith the location repetition effect,F(1, 46) = 3.73, p = .06,
ηp

2 = .08, such that the RT cost for location changes was larger
for participants instructed to remember locations. Load type also
interacted with the color–response repetition effect, F(1.71,
78.85) = 3.30, p = .05, ηp

2 = .07, as noted earlier, Load type
did not interact with the location–response repetition effect, F(2,
92) = 1.70, p = .19, ηp

2 = .04. Finally, load type did not affect
overall RT, F(1, 46) = 1.44, p = .24, ηp

2 = .03.
As in Experiment 1, we conducted additional tests to assess

whether our data showed evidence for a lack of a relationship
betweenmemory load and repetition effects. Analyzed alone, no
load trials showed both a color–response repetition effect,
F(1.45, 66.48) = 90.48, p < .001, ηp

2 = .66, and a location–
response repetition effect, F(2, 92) = 14.14, p < .001, ηp

2 =.24.
Trials with memory load also showed both a color–response
repetition effect, F(2, 92) = 47.58, p < .001, ηp

2 =.51, and a
location–response repetition effect, F(2, 92) = 6.98, p = .002,
ηp

2 =.13. The mean square estimate was slightly smaller for the
memory load condition (MSno load = 0.032, MSload = 0.027), but
theMSEwas also larger (MSEno load = 0.002,MSEload = 0.004),
so the halving of the effect size comes from two sources.
Bayesian effects estimates showed a BFinclusion of 0.007 for the
load × color–response repetition × location–response repetition
effect, meaning it is 143 times more likely that no interaction
exists. We found even stronger evidence against the four-way
interaction, with BFinclusion = 2.234 × 10-5, meaning it is 4,476
times more likely that no interaction exists, given the data.

Target accuracy painted a similar picture, though again
these results should be interpreted with caution due to ceiling
performance (see Fig. 7). analyzing target response accuracy
revealed a location repetition effect, F(1, 46) = 20.37, p <

.001, ηp
2 = .31, such that error rates were higher for location

switches. This suggests that the location repetition effect in RT
may be a speed–accuracy trade-off instead of IOR. However,
as before, this main effect may largely reflect the higher error
rates for repeated responses following a target location
change. We also found a color–response repetition effect,
F(1.08, 49.78) = 45.17, p < .001, ηp

2 = .50, and a location–
response repetition effect, F(1.35, 62.11) = 15.34, p < .001,
ηp

2 = .25, that revealed a cost for changing a stimulus feature
(color or location) when responses repeated. No other effects
were significant (Fs < 2.34, p > .13, ηp

2s < .05). Using a
Bayesian ANOVA, we again calculated the BFinclusion esti-
mate for the memory × color–response repetition × location
repetition interaction, which was 7.45 × 10-4 (meaning a null
effect was 1,342 times more likely), and for the four-way
interaction, which was 2.00 × 10-9 (meaning a null effect
was 5.00 × 108 times more likely). Thus accuracy data pro-
vided no suggestion of a relationship between visual working
memory load and repetition effects.

Finally, we also analyzed visual working memory perfor-
mance as a function of target repetitions as in Experiment 1.
As in Experiment 1, k estimates (see Fig. 8) were lower for
participants memorizing colors than locations, F(1, 46) =
15.25, p < .001, ηp

2 = .25. However, we found no effects of
any repetition type, load type, or interactions (Fs < 2.69, ps >
.10). A Bayesian ANOVA showed that the null model was
4.97 times more likely than the next best model (a main effect
of color–response repetition).

Discussion

The results of Experiment 2 are consistent with the conclusion
from Experiment 1 that visual working memory load did rel-
atively little to affect visuomotor repetition effects, and in no
way disrupted their influence on response time. When mem-
ory load varied unpredictably throughout the experiment, and
memory encoding occurred between the critical target dis-
crimination events, visuomotor repetition effects were again
not disrupted. If anything, Experiment 2 demonstrated a
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tendency for the color–response repetition effect to slightly
increase under color visual working memory load, such that
the cost of a partial match (same response but different color)
slowed response time more. However, the kind of load
mattered even when participants were cued not to store the
memory sample in visual working memory, and so it is diffi-
cult to attribute this to visual working memory load, as op-
posed to the need to switch attention between stimulus dimen-
sions (for color-memory participants, color was the relevant
dimension on both tasks in each trial, whereas for location-
memory participants, location needed to be encoded in the
memory task, but color was relevant in the target discrimina-
tion task), or even task difficulty (colors were generally re-
membered more poorly than locations).

The results of Experiment 2 thus strengthen the con-
clusion that visual working memory does not store the
codes that produce visuomotor repetition effects. Having
to encode the memory array in between color targets
makes it very unlikely that the first target’s color and
location were represented in working memory at the time
that the second target was processed. While one may ar-
gue that three colors and locations could have left spare
capacity for representing the features of the first target,
the average memory accuracy was decidedly below ceil-
ing for both color and location loads, as can be seen in
Fig. 8. This was also true for Experiment 1 (see Fig. 4). If
participants were indeed able to store more than the three
locations and colors we presented, their performance
ought to have been at ceiling. Furthermore, given that
all target—target feature relationships were random, it is
not obvious that any strategic advantage could be gained
from trying to sustain a memory for the first target’s fea-
tures instead of encoding all three features from the mem-
ory array. Thus, we believe that it is most likely that the
requirement to encode the locations or colors sufficiently
occupied working memory. Nevertheless, maintaining this
additional information did not prevent the colors, loca-
tions, and responses of previous targets from affecting
responses to a subsequent target.

General discussion

When identification responses are made to sequentially pre-
sented stimuli, the speed of these responses is affected in sys-
tematic ways by feature and response overlap. If these
visuomotor repetition effects depended on short-term color
and location working memory resources, respectively, then
working memory loads should have selectively eliminated
their respective location–response and color–response repeti-
tion effects. Clearly, this did not happen. Our data suggest that
the memory representations of previous events that drive
visuomotor repetition effects are likely a different kind of
memory representation than the kind used to intentionally
store visual information (see also Keizer, Hommel, &
Lamme, 2015). These data are thus generally consistent with
dual-systems views of visually driven response selection,
where response selection based on recently seen stimulus at-
tributes proceeds via an automatic pathway that is not subject
to the bottlenecks associated with controlled, rule-based
responding (Hommel et al., 2004; Logan, 1979; Schneider
& Anderson, 2011). This automatic pathway may instead rely
on an implicit episodic memory system (Schmidt, De
Houwer, & Rothermund, 2016) that can influence re-
sponse selection when task settings demand that cue fea-
tures are processed when responses are being selected
(Hommel et al., 2014; Memelink & Hommel, 2013;
Huffman, Hilchey & Pratt, 2018).

Our data therefore suggest that the memories leading to
visuomotor repetition effects do not rely on the capacity-
limited system that is used to intentionally remember visual
information (Luck&Vogel, 1997). Unlike long-termmemory,
visual working memory appears to be capacity limited rather
than interference limited (Lin & Luck, 2012; Oberauer, Awh,
& Sutterer, 2017; but see Hartshorne, 2008; Makovski &
Jiang, 2008). Indeed, our experiments were designed to im-
pose a memory load, but not interference; participants always
encoded sets of colors or locations that did not overlap with
the colors and locations used for the target task. If the repeti-
tion of event features affects responses through a retrieval
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process (see Memelink & Hommel, 2013), then recycling of
target features during the memory task could modulate repe-
tition effects through retrieval interference. Thus, our data
support the conclusion that visuomotor repetition effects re-
flect automatic retrieval of information stored in long-term
memory (Logan, 1990; Schneider & Anderson, 2011). The
apparent transience of event files could be a consequence of
poor long-term memory for specific features and too much
retroactive interference for bindings to accumulate over trials,
especially when these bindings are not explicitly retrieved
(Logie, Brockmole, & Vandenbroucke, 2009).

It is still possible, however, that event files do reflect
transient bindings of the sort suggested by Hommel and
Colzato (2009). It may be that event files are stored in an
implicit visual short-term memory, whose representational
basis overlaps minimally with that of voluntary visual
short-term memory (i.e., visual working memory; see
Carlisle & Kristjánsson, 2018; Maljkovic & Nakayama,
2000, for such a distinction in the context of priming of
pop-out). It may also be the case that visuomotor repeti-
tion effects solely reflect the operation of a procedural
working memory system, and that remembering visual
information relies on a declarative working memory sys-
tem with an entirely separate capacity (Gade, Druey,
Souza, & Oberauer, 2014; Oberauer, 2009; Souza,
Oberauer, Gade, & Druey, 2012), and with separate stim-
ulus codes (i.e., “red” or “left”) for the procedural and
declarative working memory systems.

Although the present results argue against a common rep-
resentational code for visual working memory and visuomotor
repetition effects, they cannot distinguish between long-term
memory storage and implicit or procedural short-term memo-
ry storage as their representational basis. This is an important
issue to be settled, as it bears on the question of whether or not
the same memory systems underlying moment-to-moment as-
sociations also lead to skilled behavior that comes from long-
term associations (Logan, 1990), an assertion which should
only be true if repetition effects stem from long-term memory.
Additional experiments investigating whether event files can
have cumulative and remote (e.g., Rajsic et al., 2014; Wilson
et al., 2006) effects would be most informative for this out-
standing issue. Whichever the case may be, our results still
support the assertion that changes in response efficacy due to
visuomotor repetition have little to do with deliberately main-
tained memory for recently seen visual information.

Expanding upon this latter point, a practical implication of
our results is that visuomotor repetition effects do not appear
to depend on the number of concurrently active features. In
our experiments, participants had tomaintain additional colors
or locations while processing target colors and, implicitly,
locations. While slowing responses overall, additional active
features did not reduce the effect of recent stimulus–response
associations. In general, then, we can predict that actively

remembering some information will not directly affect the
different states of preparedness that recent stimulus-driven
actions cause for future stimulus-driven actions, even when
the stimuli and memories are from the same category. Many
real-world situations require the execution of a rapid response
depending on changes in input. For example, pilots need to
respond to complex symbolic displays whose elements share
simple visual features (such as radial positions of needles
across different instruments, form or locations of icons in a
heads-up display) that may partially overlap with recently
processed elements. In such situations, visuomotor repetitions
can still affect response speed and accuracy (Yamaguchi &
Proctor, 2006). Our results imply that partial overlap of dis-
play features will continue to affect performance in systematic
ways whether pilots are actively remembering other visual
information, such as the positions of other aircrafts, or are
attending solely to the task of responding to display
changes, though further research on this topic would sure-
ly be valuable. The influence of past actions on current
actions seems to depend more on which details are needed
for a given visuomotor decision than the active contents
of memory (Hommel et al., 2014).

Our results also cast some additional doubt on the involve-
ment of visual attention in these visuomotor repetition effects
(see also Hilchey, Antinucci, Lamy, & Pratt, in press; Hilchey
et al., 2017b; Hilchey et al., 2018). Given that spatial working
memory load tends to interact with the operation of spatial
attention (Ahn, Patel, Buetti, & Lleras, 2017; Castel et al.,
2003; Woodman & Luck, 2004;), spatial WM load ought to
have altered visuomotor biases here too if these biases resulted
from how spatial attention was deployed during the task.
Indeed, Experiment 2 did reveal an interaction between mem-
ory load and the benefits of repeating a target location, con-
sistent with a reduction in IOR (Castel et al., 2003; Zhang &
Zhang, 2011). Our findings also align well with studies of the
failure of visual working memory load to affect priming of
pop-out, given that simply loading visual working memory
with colors does not reduce color-based priming of pop-out
(Ahn et al., 2017; Carlisle & Kristjánsson, 2018; Lee, Mozer,
& Vecera, 2009; Kristjánsson, Saevarsson, & Driver, 2013).
Our results similarly show that maintaining visual features in
working memory does not reduce the impact of recently proc-
essed features on response time.

Finally, we should note that in Experiment 1 we found that
memory load, regardless of its type, increased the size of the
color–response repetition benefit. A similar effect was report-
ed byKeele and Boies (1973) in the context of a task requiring
participants to quickly report sequences of target locations
while remembering five consonants. However, in
Experiment 2, this effect disappeared. Although there were
several differences between Experiments 1 and 2, it is tempt-
ing to speculate that the critical difference is the position of the
memory array in the sequence of a trial’s events, given Keele
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and Boies’ similar event ordering and results. In Experiment 1,
participants maintained a memory load through both target–
response episodes, whereas in Experiment 2, participants
encoded object features in between target episodes. While
the total load at the time of the second target–where repetition
effects occur–was the same in both cases, it may be that
encoding new colors in between two responses causes inter-
ference that simply maintaining information does not.

In sum, although some memory storage system must be
responsible for maintaining the event representations that give
rise to visuomotor repetition effects, our results suggest that
this memory storage system is independent of that used to
intentionally remember recently encountered visual informa-
tion, which is inherently capacity limited.
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