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Abstract
At some point, spatial priming effects more faithfully reflect response selection processes than they do attentional orienting or
sensory processes. Findings from the spatial cueing literature suggest that two factors may be critical: (1) the amount of identity
processing that is required in order to respond correctly (feature-based response hypothesis), and (2) the amount of spatial
processing that is required in order to respond correctly (space-based response hypothesis). To test the first hypothesis, we
manipulated whether observers made single keypress detection or two-choice localization responses to serially presented stimuli
in peripheral vision and whether stimulus identity information processing was necessary before responding. Responses were
always slowest when the target location repeated, consistent with an attentional orienting bias independent of keypress
responding (i.e., inhibition of return; IOR). The localization procedure revealed a subtle additional cost for changing the target
location and repeating a response, consistent with a response-related episodic retrieval effect predicted by the Theory of Event
Coding (TEC). Neither effect was modulated by the need to discriminate features. To test the second hypothesis, we made spatial
processing indispensable to response selection by requiring a decision between a detection and localization response, depending
on where the target appeared. IOR was eliminated for detection, but not localization, responses, consistent with the TEC.
Collectively, the findings suggest that the amount of space-based, but not feature-based, processing that is required to determine
a response is responsible for the response retrieval effects that can co-occur with IOR.
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Introduction

How we perceive and act toward an item or event in our visual
field has a considerable impact on howwewill perceive and act
on a subsequent item or event. Indeed, selection history (as it
has come to be known) is one of the most significant drivers of
human behavior, with research showing that it affects every-
thing from low-level sensory processing, to perception, to at-
tentional orienting, to making connections between stimuli and
stimuli and responses, to decision-making and response

planning stages of processing (Allenmark, Müller, & Shi,
2018; Burnham, 2018; Martín-Arévalo et al., 2019; Pascucci
et al., 2019; Klein & Redden, 2018; Koch, Frings, & Schuch,
2018; Theeuwes, 2019; Valyear, Fitzpatrick, & Dundon, 2019).

The present study is concerned with the selection history
effects that occur in the cue-target sequences of the spatial cue-
ing paradigm. This paradigm is marked by an elegant simplicity
of experimental method but gives rise to seemingly inscrutable
40-year conundrums as to what the results from this method
mean. In a typical paradigm, an initial attention-grabbing stim-
ulus (the cue) appears abruptly somewhere in peripheral vision.
This stimulus may or may not require a response. This stimulus
is followed some time later by a second peripheral stimulus
requiring a response (the target). The well-known selection his-
tory effects are the relative costs and benefits of randomly re-
peating versus switching the locations of the cues and targets
These selection history effects are sometimes also called spatial
priming effects, sequential dependencies or recency effects, and
they are often interpreted broadly as reflecting biases of visual
selective attention (Carrasco, 2011; Chica, Martín-Arévalo,
Botta, & Lupiánez, 2014; Klein, 2000, 2004, 2009; Maylor,
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1985;Maylor &Hockey, 1985; Posner, 1980; Posner &Cohen,
1984). Some variations of this procedure produce benefits
when the second stimulus appears at the same location as the
first (i.e., faster responses to the target), whereas others produce
costs (i.e., slower responses to the target). These differences can
occur even when the stimulus-onset asynchronies are held con-
stant. What determines these polarity shifts and are these shifts
necessarily emblematic of biases in visual selective attention?

Broadly speaking, chronometric studies show that the
stimulus-response selection demands determine polarity shifts
(i.e., whether benefits or costs are found; see, e.g., Adam &
Pratt, 2004; Christie & Klein, 2001; Coward, Poliakoff,
O’Boyle, & Lowe, 2004; Dukewich, 2009; Eng et al., 2017;
Guy, Buckolz, & Pratt, 2004; Hilchey, Klein, & Satel, 2014;
Hommel, 1998, 2005, 2007; Ivanoff & Klein, 2004;
Kingstone & Pratt, 1999; Klein, Wang, Dukewich, He, &
Hu, 2015; Lupiáñez & Milliken, 1999; Lupianez, Ruz,
Funes, & Milliken, 2007; Lupiáñez, Martín-Arévalo, &
Chica, 2013; MacInnes, Krüger, & Hunt, 2015; Martin-
Arevalo, Chica, & Lupianez, 2016; Pratt & Abrams, 1999;
Pratt, Adam, & O'Donnell, 2005; Prime, Visser, & Ward,
2006; Prime & Jolicoeur, 2009a, 2009b; Taylor & Donnelly,
2002; Taylor & Klein (2000); Tanaka & Shimojo, 1996, 2000;
Terry, Valdes, &Neill, 1994;Welsh& Pratt, 2006; see Christie
& Klein, 2008; D’Angelo, Thomson, Tipper, & Milliken,
2016; Frings, Schneider, & Fox, 2015; Klein, 2004; Klein &
Redden, 2018; Lupianez, 2010, for reviews). For example, in
some of our recent studies, we instructed people to make eye
movements to sequentially presented stimuli before identify-
ing their shapes with keypress responses (e.g., Hilchey,
Antinucci, Lamy, & Pratt, 2019; Hilchey, Rajsic, Huffman,
Klein, & Pratt, 2018). On the one hand, we found that eye
movements were slower when the target location repeated
relative to when it appeared elsewhere. This cost occurred
regardless of whether the target’s non-spatial features, like
its color or shape, repeated. This observation is consistent with
a phenomenon known as inhibition of return (IOR). Strictly
speaking, IOR refers to a reluctance to orient attention to
places that have been looked at or to which an eye movement
had recently been primed and its presumed evolutionary func-
tion is to facilitate foraging (Hilchey et al., 2014; Posner,
Rafal, Choate, & Vaughan, 1985). On the other hand, the
keypress responses showed both benefits and costs. When
responses repeated, repeating the stimulus location led to ben-
efits. When responses switched, repeating the stimulus loca-
tion led to costs. These keypress findings are consistent with a
framework called the Theory of Event Coding (TEC;
Hommel, Müsseler, Aschersleben, & Prinz, 2001).

The TEC accounts for the keypress effects by stipulating that
the location of a stimulus and the response to it are linked
together in implicit episodic memory to form a common, binary
event representation (e.g., Hommel, 1998; 2005; Hommel,
2004, 2019; Memelink & Hommel, 2013). If a stimulus

location or response location later repeats, then the recently
associated response location or stimulus location is retrieved,
respectively. If the retrieved response or stimulus location is
inconsistent with the required response or stimulus location,
then some amount of interference occurs, which leads to rela-
tively slow response times (RTs). If a stimulus location and
response location both repeat or change, no inconsistent infor-
mation is retrieved and thus no interference occurs, which leads
to relatively fast RTs (Hommel, 1998, 2005, 2007). At the crux
of the TEC is the notion that these relative RT differences can
be accounted for strictly in terms of the partial overlap that
exists between the current and retrieved event representation.
In theory, all relative RT differences result from partial overlap.
The idea is that the interference that is generated by partial
overlap takes some time to resolve, thus leading to relatively
slow responses. Reflecting this theory, the slower responses for
repeating a target location but not a response, or vice versa,
relative to repeating or switching both is referred to as a partial
repetition cost (PRC). Effects of partially repeating a recent
stimulus location and response – or PRCs – may be referred
to more broadly and neutrally as visuomotor repetition effects
(e.g., Hommel & Colzato, 2009).

The TEC cannot account for IOR (i.e., any RT difference
that does not result from partial stimulus location-response
overlap) and visuospatial attention theories cannot account
for PRCs (i.e., any RT difference that does result from partial
stimulus location-response overlap). Regardless, there is no
real theoretical conflict here. Our studies suggest that both
classes of theory are viable. PRCs and IOR are not mutually
exclusive; they occur at demonstrably different stages of pro-
cessing. Specifically, there are intrinsic orienting biases
against previously oriented to locations, consistent with sem-
inal research on IOR. Visuomotor repetition effects, or PRCs,
kick in after these initial shifts of attention. The PRCs are
intimately related to relatively late response-selection process-
es (Hilchey, Pratt, & Lamy, 2019; see e.g., Christie & Klein,
2001; Klein, 2004, for other multi-stage theories; see also
Sanders, 1998, for a review of many other relevant multi-
stage theories dating back to the 1960s). Despite this, we are
still faced with problems: we do not know exactly when to
expect visuomotor repetition effects generally, or the PRCs
predicted by the TEC more specifically. While there is no
doubt that the TEC can account for a wide range of
visuomotor repetition effects related to stimulus location and
response repetition with its partial mismatching principles
(Hommel, 2019; Hommel, Proctor, & Vu, 2004; Hommel &
Wiers, 2017), the necessary and sufficient conditions for re-
vealing PRCs remain poorly specified.

What we do have from the literature is evidence that PRCs
are not obligatory (e.g., Hommel, 1998, 2007; Huffman,
Hilchey, Weidler, Mills, & Pratt, in press; Memelink &
Hommel, 2013; Tanaka & Shimojo, 1996; Welsh & Pratt,
2006). There is no mandatory coupling between response
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repetition and stimulus location retrieval or between stimulus
location repetition and response retrieval. Some of the most
basic research on visual orienting in the spatial cueing para-
digm is sufficient for showing this. Consider very basic spatial
cueing paradigms in which a single button must be pressed to
serially presented stimuli (so-called detection tasks; e.g.,
Schopper, Hilchey, Lappe, & Frings, 2019; Tanaka &
Shimojo, 1996). Here, stimulus locations randomly repeat or
switch and the response stimulus intervals are somewhere
between a few hundred milliseconds and a few seconds. Left
unqualified, the TEC predicts that responses should be faster
when the target location repeats instead of switches. This is
because a PRC should theoretically occur when the target
location changes (and response repeats) whereas it cannot
occur when the target location repeats (and response repeats).
Instead, much of the literature shows the opposite result (IOR;
e.g., Maylor & Hockey, 1985; Huffman, Hilchey, & Pratt,
2018, for review) and yet, not all studies converge. Some
closely related studies show no evidence of IOR at all (e.g.,
Wilson, Castel, & Pratt, 2006).

The basic goal for this study is to sort out when visuomotor
repetition effects, at the level of stimulus location and re-
sponse repetition, are likely to occur and thus overshadow
IOR. The first experiment tests what we call the feature-
based response hypothesis (see also Taylor & Ivanoff, 2005,
for similar ideas). Across a number of investigations, we have
found that tasks involving responding based on the identity of
a stimulus are effective at eliciting visuomotor repetition ef-
fects (e.g., Hilchey, Rajsic, Huffman, & Pratt, 2017a; Hilchey,
Rajsic, Huffman, & Pratt, 2017b; Hilchey, Rajsic, et al., 2018;
see also Rajsic, Bi, & Wilson, 2014; Wilson, Castel, & Pratt,
2006). This hypothesis is informed as well by a range of find-
ings from spatial cueing, spatial negative priming, and visual
search procedures (see also: Hilchey, Pratt, & Lamy, 2019;
Huffman et al., 2018; Hilchey, Leber, & Pratt, 2018;
Huffman et al., in press, for further discussions). In such cases,
repeating the target location results in a benefit when the re-
sponse repeats and a cost when the response changes. Unlike
with the very basic spatial cueing paradigms used to study
IOR (e.g., Maylor & Hockey, 1985; Kwak & Egeth, 1992),
with these procedures there are substantial non-spatial-
processing demands, and in both cases response repetition
leads to just the sort of results predicted by the TEC.

The feature-based response hypothesis is mainly a data-
driven hypothesis, but it may also be helpful to consider brief-
ly how this hypothesis could be viable theoretically. One pos-
sibility is that feature-based stimulus-processing modes lead
to object permanence assumptions that are critical for the re-
trieval of event representations (Hilchey, Leber, & Pratt,
2018). The basic line of reasoning is that, outside of the lab-
oratory, visuomotor systems learn that objects do not usually
spontaneously disappear and reappear with different identi-
ties. It may be the case that an object permanence assumption

is only in effect when object processing (i.e., non-spatial pro-
cessing) becomes necessary or useful for deciding upon a
response. If the assumption is being made, then the
visuomotor systemmay infer that stimulus location repetitions
usually signal that the recently associated object is present
(and that the recent response remains appropriate) and that
response repetition usually signals the recently associated ob-
ject (and the location at which it recently occurred). A predic-
tion error essentially occurs when there is a mismatch, leading
to interference and a cognitively demanding resolution pro-
cess. If there is no object-processing requirement (i.e., color,
shape, category processing, and so on), then this assumption is
simply not made and, accordingly, the visuomotor repetition
effects do not occur. When the assumption is being made, note
that all visuomotor repetition effects follow logically from the
partial mismatching principles of TEC. If a stimulus location
retrieves the object contingency, then the system implicitly
predicts that the recently associated response remains appro-
priate. If a response retrieves the object contingency, then the
system implicitly predicts that the recently associated stimulus
location remains appropriate. Interference occurs when there
is a partial mismatch. In fact, this is just generally how the
TEC attempts to explain so-called combined or subjective
expectancies (e.g., Hommel et al., 2004; Kingstone, 1992;
Müller & Krummenacher, 2006; Notebaert & Soetens, 2003;
Soetens, Boer & Hueting (1985); Soetens, 1998; Töllner,
Gramann, Müller, Kiss, & Eimer, 2008).

The key problem that this first experiment aims to solve is
whether the feature-based processing associated with stimulus
identification is in fact a necessary precondition for observing
visuomotor repetition effects. The TEC more or less consis-
tently argues that a proviso along this line is needed to predict
visuomotor repetition effects involving identity repetition
(Hommel, 1998; Hommel, Memelink, Zmigrod & Colazto
(2014); Memelink & Hommel, 2013). Be that as it may, it is
worth noting that the TEC rarely, if ever, invokes feature-
based processing modes as the sine qua non for visuomotor
repetition effects involving stimulus location and response
repetition (Hommel, 2005, 2007).

The second experiment tests what we call the space-based
response hypothesis. This hypothesis was motivated by a few
observations and some theory. First, foreshadowing the results
of our first experiment, there was no empirical support for the
feature-based response hypothesis. Thus, some other factor
must necessarily be responsible for generating visuomotor
repetition effects that can overshadow IOR. Second, we took
a closer look at the findings ofWilson, Castel, & Pratt, (2006).
Wilson et al. (2006) found no evidence of IORwhen detection
responses were required to sequentially presented targets,
which is an unusual result for keypress detection procedures
in the visual modality (Huffman et al., 2018). While we ini-
tially suspected that IOR was abolished because their proce-
dure, unlike most others, involved a go/no-go component (the
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detection response was contingent on the color of the stimu-
lus, i.e., the feature-based response hypothesis), we later real-
ized that their procedure also allowed for more elaborate
space-based processing than is typical. This is because stimuli
falling on the horizontal midline alternated predictably be-
tween go and no-go, which means that increased spatial pro-
cessing was especially useful for choosing whether and when
to respond. Third, and more theoretically, Hommel (2007) has
proposed specifically that links between responses and stimu-
lus locations – or event files including response and stimulus
locations – are most likely to be retrieved when deemed rele-
vant for choosing between spatially-defined response choices.
So long as no response inWilson et al. (2006) is considered to
be part of the response choice set, their findings are broadly
consistent with this proposal.

Experiment 1

We started off by testing the feature-based response hypothe-
sis. If the feature-based response hypothesis is correct, then it
should be possible to generate visuomotor repetition effects
involving stimulus location and response repetition by simply
adding non-spatial processing requirements to standard
keypress detection procedures. More specifically, if feature-
based processing is a necessary and sufficient qualifier for all
PRCs predicted by the TEC, then it should be possible to
increase or generate PRCs by adding a non-spatial processing
requirement. To accomplish this, the feature-based response
hypothesis was tested in procedures with two different re-
sponse execution requirements. One involved making single
keypress detection responses to sequentially presented targets,
as in Wilson et al. (2006). The other involved deciding be-
tween a left or right response depending on whether a target
appeared on the left or right side of a central fixation stimulus,
as in Taylor and Donnelly (2002). While a localization proce-
dure is not strictly necessary for testing the hypothesis, it pro-
vides an additional baseline to test for PRCs in the detection
procedure. Our localization procedure is also able to provide
evidence for PRCs in and of itself – more on this below.

In both procedures, targets appeared randomly on the ver-
tices of an imaginary square centered on fixation. Target
colors could randomly repeat or change. The key manipula-
tion within each of these procedures was whether the color of
these targets had to be processed before the appropriate re-
sponse could be made to it (i.e., feature-based processing).
In one version, which we call “standard,” responses were to
be made to every stimulus, regardless of color. The processing
requirements of this procedure thus match the conditions un-
der which IOR is observed and PRCs are not. In the other
version, it was necessary to process color information before
making a response because responses were to be withheld to
one color but not to others (i.e., a go/no-go task, as in Wilson

et al., 2006). In all cases, between these peripheral targets, a
small white circle appeared at fixation. This is sometimes
called a cue-back because it theoretically helps to ensure that
attention is re-oriented back to center, a neutral location, in
between peripheral targets (MacPherson, Klein, & Moore,
2003; Prime et al., 2006; Pratt & Fischer, 2002). We go be-
yond this here by requiring that the participants acknowledge
this cue-back by responding to it with all keys in the
procedure.1

The standard target-target detection procedure, which does
not require responses to be formed on the basis of stimulus
identity, will reveal some form of IOR, consistent with many
other studies. Put simply, responses will be slower when the
target location repeats instead of switches. These RT patterns
should change in the go/no-go version. If adding a feature-
processing demand generates visuomotor effects, or PRCs
specifically, then the cost of repeating versus switching the
target location should become smaller when it becomes nec-
essary to process stimulus identity information. This is specif-
ically because any cost for repeating the target location (i.e.,
IOR) should be counteracted by a PRC when the target loca-
tion changes (and response repeats) if the PRC depends on
feature processing.

The standard localization procedure will also show some
form of IOR, consistent with many other studies. More impor-
tant, with this procedure, we can also test directly for PRCs
with and without the feature-based processing demands. This
is because we used four locations paired with two responses.
With these 2:1 stimulus location-response mappings, a PRC
can theoretically arise when the target location switches but
the response repeats. PRCs are tested for by comparing per-
formance on the location switch-response repeat transition to
performance on the location switch-response switch transition
that is equidistant from the previous target location. This helps
ensure that any distance-dependent visuospatial effect against
the previous target location is equal between the two transition
types (e.g., Hilchey, Pratt, & Lamy, 2019). If feature-based
processing generates PRCs, then a PRC would be expected
when colors must be processed to correctly respond (i.e., the
go/no-go version), but not when color processing is irrelevant
to responding. If feature-based processing mediates PRCs

1 Readers may wonder whether the magnitude of the PRCs related to location
and response repetition are affected by these intervening response events; they
are not (Hilchey et al., 2017a, b). According to the TEC, this may not be
surprising. Think of it this way: all responses involved in the task must be
made to these intervening events. Thus, the response required to an ensuing
peripheral target necessarily retrieves the recently associated intervening event
location (the central location in this case). This means that retrieval should
occur regardless of whether a peripheral target location repeats or switches.
Assuming, as the TEC does, that event file representations are binary and
independent, this retrieval should affect peripheral target location repeat and
switch transitions equally by slowing down overall response time (i.e., there
should be a retrieval effect that leads to interference, but it should apply equally
to peripheral target location repeat and switch transitions, as in Hilchey et al.
(2017b)).
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without being fundamentally responsible for them, then a
PRC would be expected in both versions, with its magnitude
being larger in the version with the added feature-processing
demand.

Another test of a PRC is made possible by evaluating
whether the cost of repeating the target location relative to
switching it to the maximally distant location is smaller in
the detection than the localization procedure. There is theoret-
ically no potential for a PRC at either of these two levels of
target location transition in the localization procedure. This is
because the target location and response either repeat together
or switch together. There is, however, a potential for a PRC in
the detection procedure. This PRC should occur specifically
when the target location changes because here the response
must also repeat (i.e., a partial repetition). Considered togeth-
er, any cost for repeating the target location should be smaller
in the detection than the localization procedure, since the PRC
unique to the detection procedure would help to offset IOR.

Finally, while secondary to our main objectives, our
methods also afford us an opportunity to show that repeating
versus switching target colors has negligible impacts on target
location transition effects in the standard procedures
(Huffman et al., 2018, for review). We will also show little
to no role for color repetition in modifying these effects even
when it is necessary to process target color, which has also
been shown before (e.g., Hilchey et al., 2017a; Hommel,
1998; Wilson et al., 2006).

Method

Participants Forty-eight undergraduates from the University
of Toronto consented to participate for course credit (M age
= 19.5 years; four left-handed; 13 males). These sample sizes
should be more than adequate for consistently (>80% of the
time) revealing IOR and PRCs in standard procedures at con-
ventional alpha levels for statistical significance (0.05).

Our logic is as follows: We estimate that the magni-
tude of IOR is roughly 20 ms in keypress detection and
localization procedures (see Huffman et al., 2018;
specifically, Fig. 1 and Appendix). We estimate from
our earlier experiments involving localization responses
(Hilchey, Pratt, & Lamy, 2019) and discrimination re-
sponses (Hilchey et al., 2017a, 2017b) that the magni-
tude of the PRC is roughly 20 ms. We know from our
earlier work with keypress detection and localization pro-
cedures (e.g., Hilchey et al., 2019; Huffman, Hilchey, &
Pratt, 2018; Huffman, Hilchey, Weidler, Mills, & Pratt,
2020) that the correlation between the repeated measures
of target location transition is strong (> .9; see also
Hilchey et al., 2019), but we assume .9. We expect that
the correlation between the repeated measures of each
task (e.g., go/no-go vs. standard) will be much greater
than the known correlation between two-choice

localization procedures and two-choice feature discrimi-
nation procedures (0.6; as reported by Hilchey, Pratt, &
Lamy, 2019, and as estimated from the data in Huffman
et al., 2018). We expect this because the stimulus-
response translation rules are held constant between task
levels (i.e., go/no-go vs. standard) of the current proce-
dures whereas these rules were different for the keypress
localization and discrimination procedures from which
we originally estimated this correlation. We expect the
correlation to be at least 0.7, but will assume 0.7. The
standard deviation on the RTs at any given level in these
designs is likely to be around 50 ms (see Huffman et al.,
2018, Appendix) but it may approach 65 ms in some
cases (as reported by Hilchey, Pratt, & Lamy, 2019).
We will estimate the sufficient sample size assuming 50
ms, 55 ms, 60 ms, and 65 ms standard deviations.

We determined the sample sizes that would be required to
achieve 80% power at an alpha level of 0.05 for a main effect
of location transition and an interaction between location tran-
sition and task using GLIMMPSE’s open source software
(Kreidler et al., 2013). According to our estimates, somewhere
between seven and 16 participants should be sufficient.

Stimuli and apparatus The experiment took place in a dimly
lit room. Stimuli were displayed on 24-in. LED monitors,
using 2,560 × 1,440 resolution graphics mode and a 120-Hz
refresh rate, at a constant viewing distance of 57 cm, which
was ensured by a chinrest. The monitors were connected to
Dell computers, with the presentation of all stimuli and the
collection of responses being controlled by a custom Python
program. Responses were made on a computer keyboard.

The monitor’s background was black (luminance =
0.28 cd/m2). The fixation stimulus was a white (lumi-
nance = 194.83 cd/m2) cross (0.30° × 0.30° of visual
angle) at screen center. Five unfilled gray (luminance =
31.67 cd/m2, x = 0.31, y = 0.34) placeholder squares
(2.00° x 2.00°; linewidth = 1 pixel) marked the locations
at which response stimuli (“targets”) could occur. One
such square was at screen center; the remaining four were
positioned on the vertices of an imaginary square (5.30° ×
5.30°), which was centered on fixation. The distance be-
tween the fixation cross and the center of each peripher-
ally placed placeholder square was 7.50°.

In the visual periphery, one placeholder square at a
time could be filled in with red (luminance = 9.62 cd/
m2, x = 0.63, y = 0.34), green (luminance = 33.66 cd/
m2, x = 0.31, y = 0.63), or blue (luminance = 2.86 cd/m2,
x = 0.16, y = 0.05), and, depending on the conditions (go/
no-go or standard, below), responses were made to these.
On each trial, the fixation cross transformed into a white
circle (radius = 0.25°) in between the appearance of each
color in the visual periphery and had to be responded to
by pressing all keys required by the task simultaneously.
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Procedure and design Each trial began with the presentation of
the placeholder squares, followed 500ms later by the onset of the
fixation cross. Participants were instructed to remain fixated on
the cross. Five hundred ms after the onset of the cross, a random
peripheral placeholder turned red, green, or blue. Participants
were instructed to use their peripheral vision to process this stim-
ulus, which remained onscreen until response (or 1.5 s had
elapsed, see below). Five hundred ms after the offset of the
colored square, a white circle replaced the fixation cross, which
remained onscreen until response, after which it transformed
back into a cross. Randomly either 300 or 500 ms after the re-
appearance of the fixation cross, a random peripheral placeholder
turned red, green, or blue, which remained onscreen until re-
sponse (or 1.5 s had elapsed). If an error was made during the
trial, the offset of this stimulus was followed by an instruction
screen that reminded participants of the response requirements;
this instruction screen remained until acknowledged by a
keypress. Regardless of error, there was a 1-s blank interval
between all trials, during which no stimuli were onscreen.

Half of the participants were assigned to the detection re-
sponse procedures whereas the other half were assigned to the
localization response procedures.Within each procedure, each
participant performed one version of it in which it was neces-
sary to attend to color information in the visual periphery (go/
no-go) and another in which it was not (i.e., the standard
detection or localization procedure), the order of which was
counterbalanced across participants.

In the localization procedures, one of the three possible col-
ored squares in the visual periphery was selected at random to
appear less often than the other two, which occurred equally
often. The rare color appeared on only 17.24% of trials as the
first colored square (40%), second colored square (40%), or both
(20%). In the go/no-go version, this rare stimulus served as the
no-go stimulus (i.e., do not respond to it), whereas in the standard
localization procedures, responses were made to it (i.e.,
responding was not conditional on color processing). No-go
stimuli remained onscreen until 1.5 s elapsed or a response was
made, whereas go stimuli remained onscreen until a response
wasmade. For each participant, the same rare color that was used
for the go/no-go version was also used as the rare color for the
standard localization procedure. Localization procedures are il-
lustrated in Fig. 1.

In the go/no-go version of the standard detection procedure,
one of the three possible colored squares in the visual periphery
was again selected at random to appear less often than the other
two, which occurred equally often. As in the localization proce-
dures, the rare color appeared on only 17.24% of trials as the first
colored square (40%), second colored square (40%), or both
(20%). In the standard detection procedure, instead of rare colors,
on 17.24% of trials the first color square (40%), second color
square (40%), or both (20%) were omitted. These trials in which
a colored squared did not appear are known as “catch trials,” and
are intended to guard against anticipatory (i.e., non-stimulus driv-
en) responses to colored targets.

+

Fixation
(500 ms)

+

Go/No-Go Localization Procedure (attention to color required)

Until Response
(or 1.5 s for no-

go stimuli)

++

Delay (500ms) Until Response
(or 1.5 s)

Rare no-go color

Standard Localization Procedure (attention to color not required) 

Time

+

Until Response

+

Delay (300 - 500
ms)

+

Until Response
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Fig. 1 A possible trial sequence from the localization procedures (go/no-
go top panel, standard bottom panel). Colored squares that appear
randomly in the left and right visual hemifield are localized with left
and right keypress responses, respectively. The colored squares are
separated by a bimanual response event at fixation. The Go/No-Go and
Standard procedures are identical, except responses are not made to the

rarely occurring color in the Go/No-Go procedure (which just happens to
be blue in this example and is removed from the trial sequence). The rare
color may randomly appear as either the first, second, both, or neither
(illustrated) colored square in the trial. In these examples, the target color,
response, and location (change diagonal transition) have switched
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In the standard detection procedure, the spacebar (right
index finger) was pressed to each colored square and white
circle, whereas in the go/no-go version of this the spacebar
response was withheld to the rare color. In the localization
procedure, colored squares that appeared to the left and right
of fixation were localized with ‘z’ (left index finger) and ‘/’
(right index finger) keypress responses, respectively, whereas
in the go/no-go version of this these responses were withheld
to the rare color. In the localization procedures, both response
keys were pressed simultaneously to the white circle at fixa-
tion, whereas in the detection procedures only the spacebar
response was required to the white circle at fixation.

In all cases, across all versions, participants were explicitly
instructed that there was no relationship between the location
of the first and second colored square in a trial. They were
further instructed that these were simple RT tests and that they
should do their best to react as quickly and as appropriately as
possible to each stimulus. In the standard detection and local-
ization procedures, it was stressed that color processing was
unnecessary for successfully completing the task (i.e., the
mere detection of an abrupt onset in the visual periphery
would be sufficient). In the go/no-go versions, it was stressed
the color processing was imperative for successfully complet-
ing the task (the participant was told not to respond to a par-
ticular color (i.e., the rare color)).

Each version of each procedure consisted of 20 practice
trials followed by 464 experimental trials, within which the
location and color of the peripheral targets randomly repeated.
As noted, each participant completed both versions of either
the detection or localization procedures.

Results

Localization procedures In the go/no-go version, the mean
false-alarm rates to the first and second peripheral targets in the
trial were 19.5% (range = 0.0–50.0%; SD = 16.1) and 17.9%
(range = 0.0–52.1%; SD=13.8), respectively. For the subsequent
RT analyses, regardless of procedure, all trials involving a rare
color were excluded. This means that all trials involving a no-go
stimulus were excluded in the go/no-go version and that trials
involving the rare color were excluded in the standard procedure.
This exclusion was necessary to make the color transitions be-
tween the go/no-go and standard version identical. An additional
0.6% of trials from the remaining data were excluded for excep-
tionally slow responses (> 3 s) to either the first peripheral target,
the center circle, or the second peripheral target. We assumed in
these cases that the participant disengaged from the task.

For the remaining data, the mean error rates (%) to the first
and second peripheral target were near ceiling in both tasks. For
the go/no-go version, the mean error rates to the first and second
peripheral targets were 0.7% and 0.5%, respectively. For the
standard version, the mean error rates to the first and second
peripheral targets were 1.0% and 2.0%, respectively. These low

rates precluded a meaningful statistical analysis of errors, as
many participants did not make mistakes in various cells of the
design. All trials containing errors were removed from the sub-
sequent RT analyses. Finally, we excluded as outliers all trials
with RTs to the second peripheral target less or greater than 3
standard deviations from the participant’s mean in both tasks,
which resulted in the loss of 1.7% of the remaining data.

Effects of repeating/changing the locations and colors of pe-
ripheral targets on RTs were analyzed with a 4 (location transi-
tion: repeat, change vertical, change horizontal, change diagonal)
× 2 (color transition: repeat or change) × 2 (task: go/no-go or
standard) repeated-measures analysis of variance (ANOVA).2

Figure 2 illustrates the mean RTs across all levels of the
experiment.

The main effect of location transition was significant, F(3,
69) = 15.06, p < 0.01, η2p = 0.40. A planned comparison
revealed that responses were slower when target location re-
peated (355 ms) instead of changed to the diagonal location
(338 ms; t(23) = 5.64, p < 0.01, M diff = 17 ms; 95% confi-
dence interval (CI) = 11–24 ms), consistent with IOR. A sec-
ond planned comparison revealed that responses were slower
for the change vertical (349 ms) than change horizontal tran-
sition (341ms; t(23) = 2.30, p = 0.03, M diff = 8 ms; 95%CI =
1–15 ms), consistent with a PRC.

The main effect of color transition was significant, F(1, 23)
= 5.356, p = 0.03, η2p = 0.19, with slightly faster responses for
color repeats (344 ms) than switches (347 ms). The main
effect of task was also predictably significant, F(1, 23) =
44.62, p < 0.01, η2p = 0.66, with faster responses in the stan-
dard localization procedure (322 ms) than in the go no-go
procedure (369 ms).

There was a significant interaction between task and color
transition, F(1, 23) = 7.07, p = 0.01, η2p = 0.23. In the go no-
go version, responses were faster when the target color repeat-
ed (367 ms) instead of switched (371 ms; t(23) = -2.78, p =
0.01, M diff = -5 ms; 95% CI = -8–(-1) ms). In the standard
localization version, there was no statistical difference be-
tween target color repeats (322 ms) and switches (323 ms;
t(23) = 0.59, p = 0.55, M diff = -1 ms; 95% CI = -3–(-1)
ms). None of the remaining interactions approached statistical

2 Some participants in the go/no-go version made false alarms on many no-go
trials (e.g., 51%, 43%, 36%). This raises the possibility that some participants
may not have consistently processed target color in this condition, which could
explain why the interaction between location transition and task was not sig-
nificant. To provide more conservative tests, we ran this ANOVA with four
different participant exclusion criteria for the false-alarm rates in the go/no-go
version. Any participant who made false alarms on over 50%, 40%, 30%, and
then 25% of the trials was excluded from the respective ANOVA. These
resulted in the exclusion of one, two, five, and nine participants, respectively.
There were significant main effects of location transition and task across all
analyses (all ps < 0.01; all in the expected directions). The main effect of color
transition was always significant (p < 0.05) or marginally significant (p <
0.10). The interaction between task and color transition was always significant
(ps < 0.05). None of the analyses provided any support for the remaining
interactions (all ps > .1).
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significance (location transition × task, F(3, 69) = 1.751, p =
0.17, η2p = 0.07; all other Fs < 1).

Detection procedures In the go/no-go version, the mean
false-alarm rates to the first and second peripheral target
were 23.4% (range = 2.0–77.0%; SD = 19.0) and 26.1%
(range = 6.3–70.1%; SD = 16.9), respectively. In the
standard version, the mean false-alarm rates to the ab-
sence of the first and second peripheral target were
10.7% (range = 0.0–66.7%; SD = 15.7) and 18.4%
(range = 0.0–87.5%; SD = 20.9).3 In the go/no-go ver-
sion, all trials involving a no-go stimulus were exclud-
ed. In the standard version, all trials without a first or
second target were excluded. An additional 0.2% of
trials from the remaining data were excluded for

exceptionally slow responses (> 3 s) to at least one of
the three response stimuli within the trial. For the sub-
sequent RT analysis, we excluded as outliers all trials
with RTs to the second peripheral target less or greater
than 3 standard deviations from the participant’s mean
in both tasks, which resulted in the loss of 1.5% of the
remaining data.

Again, effects of repeating/changing the locations and
colors of peripheral targets on RTs were analyzed with a
4 (location transition: repeat, change vertical, change
horizontal, change diagonal) × 2 (color transition: repeat
or switch) × 2 (task: go/no-go or standard) repeated-
measures ANOVA.4 Figure 3 illustrates the mean RTs
across all levels of the experiment.

The main effect of location transition was significant,
F(3, 69) = 28.71, p < 0.01, η2p = 0.55. RTs decreased
with greater distance between the first and second col-
ored target (same location = 352 ms; change vertical =
339 ms; change horizontal = 338 ms; change diagonal =
333 ms), consistent with IOR.

The main effect of color transition was significant, F(1, 23)
= 6.351, p = 0.02, η2p = 0.22, with slightly faster responses for
color repeats (339 ms) than switches (342 ms). The main
effect of task was also significant, F(1, 23) = 28.12, p <

3 We speculate that the reason for the relatively high false-alarm rates in the go/
no-go version is because the appearance of the stimulus primed the most
frequent response that was made to it whereas the absence of the stimulus
(in the standard version) was not associated with a response and thus could
not prime. In both versions, the interval between each stimulus offset and
stimulus onset was roughly predictable, which likely increased the probability
of anticipatory responses in both versions. Thus, overall, the false-alarm rate
should be higher in the go/no-go version (anticipatory response tendency +
response priming) than in the standard version (anticipatory response tendency
alone).
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Fig. 2 Mean response times for all combinations of target location transition, target color transition, and task (columns) of the localization procedure in
Experiment 1. Error bars are half Fisher’s Least Significant Difference (FLSDs) computed from the mean squared error term of the interaction

Atten Percept Psychophys  (2020) 82:3013–30323020



0.01, η2p = 0.55, with faster responses in the standard version
(321 ms) than in the go/no-go version (360 ms). None of the
interactions were significant (location transition × color tran-
sition, F(3, 69) = 1.172, p = 0.33, η2p = 0.05; all other Fs < 1).

Planned comparisons between detection and localization
procedures If there is a PRC in the standard detection proce-
dure when the target location changes (and response repeats),
then the cost for repeating the target location versus changing
to the diagonal location should be weaker in the detection than
in the localization procedure. This was tested with a 2 (loca-
tion transition: same or change diagonal) × 2 (experiment:
detection or localization) mixed-factorial ANOVA, collapsing
across color transition and task, as these factors did not modify
the location-transition effects. There was no statistical differ-
ence between experiments on location transition, F < 1. Rather
the mean estimate on the magnitude of IOR was virtually
identical between the detection procedures, t(23) = 11.95, p
< 0.01, Mdiff = 19 ms; 95% CI = 16–22 ms) and localization
procedures, t(23) = 5.64, p <0.01, Mdiff = 17 ms; 95% CI =
11–24 ms).

Recall that in the localization procedure, mean RTs on
change vertical transitions were about 8 ms slower than the
mean RTs on change horizontal transitions, a relatively small
difference that was consistent with a PRC in the change

vertical transition (response repeat). In the detection proce-
dure, there was virtually no difference (1 ms), as expected
given that both transitions theoretically resulted in PRCs.
Accordingly, a 2 (location transition: change vertical or
change horizontal) × 2 (experiment: detection or localization)
was run to test for a statistical difference between these pro-
cedures. The statistical support for this interaction was weak,
unsurprisingly, given the small effect size, F(1, 46) = 2.83, p =
0.09, η2p = 0.06.5

Discussion

These results discredit the feature-based response hypothesis.
There was no evidence that visuomotor repetition effects gen-
erally or PRCs more specifically could be generated or ampli-
fied by increasing the feature processing demands. The local-
ization procedures produced weak PRCs (change vertical vs.
change horizontal location transition), regardless of the
feature-processing demands. The detection procedures pro-
vided no evidence for a visuomotor effect, as the magnitude
of the cost for repeating the target location versus changing it
to the diagonal in these procedures was virtually identical to
the magnitude of this cost in the localization procedures.

The weakness of the PRCs in the localization procedures
comes as a bit of a surprise in light of some of our recent work,
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Fig. 3 Mean response times for all combinations of target location transition, target color transition and task (columns) of the detection procedure in
Experiment 1. Error bars are half Fisher’s Least Significant Difference (FLSDs) computed from the mean squared error term of the interaction
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as does the rejection of this feature-based response hypothesis
in general. For example, Hilchey, Pratt, and Lamy (2019)
revealed PRCs (change vertical vs. change horizontal) that
were about twice as large (~15 ms) using localization proce-
dures that were quite similar to those used here, except the
target was a color singleton in an array of three homogenously
colored visual distractors (i.e., non-spatial processing was re-
quired to distinguish the targets from distractors). The magni-
tudes of the PRCs observed by Hilchey et al. almost tripled to
about 41 ms when it became necessary to perform a subtle
discrimination of the target shape prior to making the left/right
keypress localization responses (because responses had to be
withheld when the target took on a particular shape, and thus
additional feature-based processing was required). On the ba-
sis of results such as these, it was tempting to predict that
increasing the feature-processing demands could increase the
magnitude of the PRCs, but this prediction is clearly not borne
out by the current findings.

The apparent contradiction can be resolved by assuming
that longer RTs are more conducive to visuomotor effects
because it takes some amount of time prior to responding for
the recent location-response code to be retrieved. This has
been suggested to us by some researchers (Christian Frings
and Roland Pfister; personal communications). Consistent
with this longer RT or racehorse hypothesis, the mean RTs in
Hilchey, Pratt, and Lamy’s (2019) visual search task without
the go/no-go requirement were about 450–550 ms. These
mean RTs increased to about 625–725 ms when the go/no-
go shape-discrimination component was added. With the cur-
rent procedures, the mean RTs were consistently below 400
ms. However, several pieces of evidence make this simple
explanation unlikely. Wilson, Castel, and Pratt (2006) provid-
ed no evidence for IOR in the target-target sequences of a
single keypress detection procedure with a color-based go/
no-go component, which was by design quite similar to one
of our procedures but with a different result. As in our proce-
dure, the mean RTs in Wilson et al.’s procedures were below
400 ms. Further, vincentization approaches to examining
PRCs involving location and response repetition have provid-
ed no evidence that these effects are obligatory on the slower
side of the RT distribution (Huffman et al., in press). It is
unlikely that a mere slowing of RT, for whatever reason, is
the full story.

With little evidence to support the feature-based response
hypothesis, we looked elsewhere for a possible factor that might
explain why PRCs are sometimes present and sometimes not.
First, many of the situations in which PRCs occur are those
where two spatially separated keys are used to collect re-
sponses. In these situations, Hommel’s common-coding princi-
ple (2007, 2019) predicts that location as a whole (i.e., of stim-
uli and response) is task-relevant. However, this does not ac-
count for a previous demonstration of location-based PRCs in a
color-based go/no-go task with detection responses (Wilson,

Castel, & Pratt, 2006). Upon closer reading of Wilson et al.,
we realized that increased spatial processing could be useful in
that task for determining whether and when to respond. This is
because there was a spatial contingency, such that go and no-go
stimuli alternated predictably on one of the response axes.
Furthermore, in Experiment 1, we only found PRCs in our
localization task. Combining these insights, we designed
Experiment 2 to test the prediction that it is the relevance of
space to responding that determines the PRCs. We refer to this
as the space-based response hypothesis

Experiment 2

The easiest way to test the space-based response hypothesis is
to intermix detection and localization responses within the
same target-target procedure used in Experiment 1 while mak-
ing spatial processing mandatory. This is accomplished by
making the response type (detection or localization) condi-
tional on stimulus location. This approach ensures that all
responses – even detection responses – are spatially defined,
with the incidental effect of increasing competition at the level
of response selection because of the added response option.

In Experiment 2’s procedures, targets appeared at four
marked locations that collectively formed an imaginary dia-
mond centered on fixation. The responses that were required
were determined by the axis on which the targets appeared. In
one procedure, if the target appeared on the vertical axis (i.e.,
above or below fixation), it had to be localized by either an up
or down arrow keypress response whereas if the target ap-
peared on the horizontal axis (i.e., to the left or right of fixa-
tion), it had to be detected with a single (‘b’) keypress re-
sponse. In another procedure, these mappings were reversed,
such that targets on the horizontal axis had to be localized with
left and right arrow keypress responses whereas targets on the
vertical axis had to be detected with a single keypress
response.

Our basic procedures depart purposefully from Wilson
et al.’s (2006) procedures. In their procedures, it was useful
to pay attention to the spatial axis upon which the target ap-
peared (because axis roughly predicted whether and when a
response would be required), but it was not strictly necessary.
In our procedures, it was necessary to attend to the spatial axis
in order to form the correct response. Our procedure removes
Wilson et al.’s (2006) degree of spatial processing freedom
(the reasoning is: why bother leaving it to the participants to
learn either implicitly or explicitly that increased spatial pro-
cessing is helpful for determining a response?).

If it is the case that PRCs are caused fundamentally by
the relevance of spatial information to choosing between
responses, then the cost for repeating the target location
versus switching it to the mirror opposite location should
be either nullified or reversed to a benefit with the
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detection responses. It is important to remember that this
is because a PRC should theoretically occur when the
target location changes (and the response repeats) but
not repeats (and the response also repeats), which allows
for a PRC to counteract the repetition costs driven by
IOR. In contrast, the localization responses should consis-
tently show a cost for repeating versus switching the tar-
get location. This is because a PRC should not theoreti-
cally occur when the target location repeats (and the re-
sponse repeats) or the target location changes (and the
response changes). Put differently, there is no opponent
process in the TEC that can theoretically overshadow
IOR with localization responses when there are 1:1 corre-
spondences between stimulus locations and responses. We
also ran a control procedure, which was identical in every
way except that only left-handed keypress detection re-
sponses were required. This was run mainly to ensure that
our placeholder layout changes (imaginary square in E1;
imaginary diamond in E2) would not somehow be respon-
sible for attenuating IOR with detection responses. It was
also included because we needed a baseline procedure
that involved left-handed keypress detection responses,
which is how detection was made in the intermixed local-
ization and detection procedures (detection responses
were made with the right hand in Experiment 1).

Method

Participants Forty-eight undergraduates from the University
of Toronto consented to participate for course credit (M age
= 18.81 years; two left-handed; 11 males).

Stimuli and apparatus These were kept as similar as possible
to the standard procedures in Experiment 1, with two excep-
tions: (1) The peripheral placeholder squares were arranged to
form an imaginary diamond, instead of an imaginary square,
centered on fixation, and (2) the peripheral placeholders ran-
domly turned red or green, but not blue, as a third color was
unnecessary to test the space-based attention hypothesis and
we were still able to analyze effects of color transition without
it.

Procedure and design The timing of stimulus events was iden-
tical to Experiment 1. Each trial began with the placeholder
array, followed by the onset of the fixation stimulus, the first
colored stimulus at a random placeholder location in peripheral
vision, the white circle at fixation, and then the second colored
stimulus at a random placeholder location in peripheral vision.
The trial ended with an instruction screen if an error was made
and a blank 1-s inter-trial interval regardless of error.

Forty-eight participants were divided evenly among the
three procedures, which differed on the response rules to the
targets. In the “localize horizontal, detect vertical” procedure,

left arrow (right index finger) and right arrow (right middle
finger) keypress responses were required to stimuli appearing
in the left and right placeholders, respectively, whereas a ‘b’
keypress (left index finger) response was required to stimuli
appearing in the top and bottom placeholders. In the “detect
horizontal, localize vertical” procedure, up arrow (right mid-
dle finger) and down arrow (right index finger) keypress re-
sponses were required to stimuli appearing in the top and
bottom placeholders, respectively, whereas a ‘b’ keypress (left
index finger) response was required to stimuli appearing in the
left and right placeholders. In both of these procedures, all
three keys had to be pressed at the same time in response to
the white circle at fixation. In the standard detection proce-
dure, a ‘b’ keypress response (left index finger) was required
to each stimulus. All such stimuli remained onscreen until a
response was made. The “localize horizontal, detect vertical”
procedure is illustrated by Fig. 4.

In the “localize horizontal, detect vertical” and “detect hor-
izontal, localize vertical” procedures, participants completed
20 practice trials, followed by 512 experimental trials, within
which the color and location of the peripheral targets random-
ly repeated. In the standard detection procedure, participants
completed 20 practice trials, followed by 512 experimental
trials, within which the color and location of the peripheral
targets randomly repeated. Unique to the standard detection
procedure, there were an additional 64 “catch” trials in which
the second peripheral target was omitted to help minimize
anticipatory responses.

Results

Standard detection procedure (control experiment) Themean
false-alarm rate was 6.5% (range = 0.0–18.8%; SD = 5.3).
Participants failed to respond to either the first or second pe-
ripheral stimulus on 0.3% of trials, which were excluded. An
additional two trials were excluded for exceptionally slow
responses (> 3 s). For ease of comparison with the other two
procedures, half of the data were excluded because the target’s
axis changed between the first and second peripheral targets,
which constituted a task switch in the other two procedures.
All trials with RTs to the second peripheral target less and
greater than 3 standard deviations from the participant’s mean
were excluded, resulting in the loss of 1.5% of the remaining
data.

Effects of repeating/changing the locations and colors of
peripheral targets on RTs were analyzed with a 2 (location
transition: repeat or change) × 2 (color transition: repeat or
change) × 2 (axis: horizontal or vertical) repeated-measures
ANOVA. Figure 5 illustrates the mean RTs across all levels of
the experiment.

The main effect of location transition was significant, F(1,
15) = 46.35, p < 0.01, η2p = 0.76, with slower responses when
the target location repeated (338 ms) instead of switched (320
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ms), consistent with IOR, but there were no other significant
effects or interactions (location transition × color transition,
F(1, 15) = 2.23, p = 0.16, η2p = 0.13; all other Fs < 1).

Localize horizontal, detect vertical procedure We excluded
0.5% of the data for exceptionally slow responses (> 3 s).
Trials with response errors to the first peripheral target
(1.8%) were excluded from the subsequent error rate and RT
analysis whereas trials with errors to the second peripheral
target (3.4%) were only excluded from the RT analysis. Half
of the data were excluded because the peripheral target’s axis
changed (i.e., the first peripheral target was on the vertical axis
and the second was on the horizontal or vice versa), which
constituted a task switch. For the RT analysis, all trials with
RTs to the second peripheral target less or greater than 3 stan-
dard deviations from the participant’s mean detection (vertical
axis) and localization (horizontal axis) RT were excluded,
resulting in the loss of 1.9% of the remaining data.

Effects of repeating/changing the locations and colors of
peripheral targets on RTs were analyzed with a 2 (location
transition: repeat or change) × 2 (color transition: repeat or
change) × 2 (axis: horizontal or vertical) repeated-measures
ANOVA. Figure 6 illustrates the mean RTs across all levels of
the experiment.

Neither the main effects of location transition, F(1, 15) =
2.997, p = 0.10, η2p = 0.17, nor color repetition, F < 1, were

significant. There was a main effect of axis, F(1, 15) = 51.02, p
< 0.01, η2p = 0.77, with localization responses to targets on the
horizontal axis being much faster than detection responses to
targets on the vertical axis (418 vs. 519 ms).

The interaction between location transition and axis was
significant, F(1, 15) = 13.15, p < 0.01, η2p = 0.47. For the
horizontal axis, a planned comparison indicated that responses
were slower when the target location repeated (430 ms) in-
stead of switched (406 ms; t(15) = 3.65, p < 0.01, Mdiff = 24
ms; 95%CI = 10–38ms), consistent with IOR. For the vertical
axis, a planned comparison failed to reveal a difference be-
tween repeating the target location (517 ms) and switching it
(522ms; t(15) = -0.67, p = 0.51,Mdiff = -5ms; 95%CI = -20–
10 ms), consistent with a PRC in addition to IOR.

Unexpectedly, the interaction between axis and color tran-
sition approached significance, F(1, 15) = 3.46, p = 0.08, η2p =
0.19. For localization responses on the horizontal axis, re-
sponses were slightly faster when the target color repeated
(413 ms) instead of switched (423 ms), with an unplanned
comparison showing that this effect was indeed significant,
t(15) = -2.36, p = 0.03, Mdiff = -10 ms; 95% CI = -19–(-1)
ms). For detection responses on the vertical axis, responses
were slightly slower when the target color repeated (521 ms)
instead of switched (518 ms), but not statistically so (t(15) =
0.63, p = 0.53, Mdiff = 3 ms; 95% CI = -9–17 ms). The
remaining interactions were not significant (Fs < 1).
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Fig. 4 Two of the possible trial sequences are illustrated for the “Localize
Horizontal, Detect Vertical” procedure. Colored squares that appear to the
left and right of the fixation point are responded to by the left and right
arrow keys, respectively, whereas those that appear above and below
fixation are detected with a single button press. As per usual, the target

color and location randomly repeats. In the above example, both colored
squares appeared on the vertical axis and thus had to be localized. In the
bottom example, both colored squares appeared on the horizontal axis
and thus had to be localized. In both examples, the target color and
location changed
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tection procedure in Experiment 2. Error bars are half Fisher’s Least
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Keypress errors to the appearance of the targets were also
analyzed. The main effect of location transition was signifi-
cant, F(1, 15) = 4.95, p = 0.04, η2p = 0.25, with more errors for
target location repeats (4.4%) than switches (3.1%). The main
effect of axis was also significant, with more errors for local-
ization responses on the horizontal axis (5.3%) than detection
responses on the vertical axis (2.2%). Thus, when considered
with the RT analysis, the main effect of axis at least partly
reflected a speed-accuracy tradeoff. No other effects or inter-
actions approached significance (all other ps > 0.16).

Detect horizontal, localize vertical procedure We excluded
1.4% of the data for exceptionally slow responses (> 3 s).
Trials with response errors to the first peripheral target (2.5%)
were excluded from the subsequent error rate and RT analyses
whereas trials with errors to the second peripheral target (3.7%)
were only excluded from the RTanalyses. Half of the data were
excluded because the peripheral target’s axis changed. All trials
with RTs to the second peripheral target less or greater than 3
standard deviations from the participant’s mean detection (hor-
izontal axis) and localization (vertical axis) RTs were excluded,
resulting in the loss of 2.1% of the remaining data.

Effects of repeating/changing the locations and colors of
peripheral targets on the RTs were analyzed with a 2 (location
transition: repeat or change) × 2 (color transition: repeat or
change) × 2 (axis: horizontal or vertical) repeated-measures
ANOVA. Figure 7 illustrates the mean RTs across all levels of
the experiment.Neither the main effects of location transition,
F< 1, nor color transition, F(1, 15) = 2.13, p = 0.17, η2p = 0.12,
were significant. There was again a main effect of axis, F(1,
15) = 31.38, p < 0.01, η2p = 0.68, withmuch faster localization
responses to targets on the vertical axis (431 ms) than detec-
tion responses to targets on the horizontal axis (518 ms).

The interaction between location transition and axis was
significant, F(1, 15) = 22.67, p < 0.01, η2p = 0.60. For the
horizontal axis, a planned comparison revealed that detection
responses were faster when the target location repeated (505
ms) instead of switched (530ms; t(15) = -2.54, p = 0.02, Mdiff
= -25 ms, 95% CI = -45–(-4) ms), consistent with a PRC. For
the vertical axis, a planned comparison revealed that localiza-
tion responses were slower when the target location repeated
(449 ms) instead of switched (414 ms; t(15) = 4.85, p < 0.01,
Mdiff = 35 ms; 95% CI = 20–50 ms), consistent with IOR.

Yet again, there appeared to be a relationship between color
repetition and axis, F(1, 15) = 6.53, p = 0.02, η2p = 0.30.
Detection RTs to targets on the horizontal axis were faster
when the target color repeated (508 ms) instead of switched
(527 ms; t(15) = -2.16, p = 0.04, Mdiff = 19 ms; 95% CI = -
38–(-1) ms). Localization RTs to targets on the vertical axis
were similar regardless of whether the target color repeated
(433 ms) or switched (429 ms; t(15) = 0.96, p = 0.35, Mdiff =
4 ms; 95% CI = -4–12 ms). The remaining interactions were
not significant (Fs < 1).

Error rate analyses revealed no main effects or interactions
(all Fs < 1).

Discussion

The results of the second experiment were unequivocally con-
sistent with the space-based response hypothesis. When only
detection responses were made (i.e., the control procedure),
responses were slower when the target location repeated in-
stead of switched the mirror opposite location, consistent with
an IOR effect and the results of Experiment 1. When space-
based processing was needed to decide between making lo-
calization or detection responses, detection RTs changed in a
way that indicated that a visuomotor repetition effect was
occurring. Specifically, detection RTs were either unaffected
by target location repetition (the localize horizontal, detect
vertical procedure), consistent with Wilson et al. (2006), or
made faster by target location repetition (localize vertical, de-
tect horizontal procedure). The localization responses were
consistently slower when the target location repeated.
Collectively, the results from the non-standard procedures
are consistent with the TEC, as only detection responses could
theoretically incur a PRC (i.e., when the target location
changed and response repeated), which would overshadow
IOR. Keeping within the TEC framework, the results suggest
that PRCs at the level of location and response repetition are
especially likely to come into play when increased spatial
processing occurs to guide response selection.

Unexpectedly, even though feature-based processing was
not required in order to produce the correct responses in these
procedures, both the detect horizontal, localize vertical, and
localize horizontal, detect vertical procedures provided some
evidence that repeating versus switching the target color led to
faster RTs on the horizontal but not vertical axis. There was no
evidence for this in the control procedure. The reasons for
these relative color repetition benefits on the horizontal axis
are unclear but they must have something to do with the added
response selection demands. For now, we note simply that, as
per usual with distractor-less displays, target color repetition
did not modify the target location repetition effects (e.g.,
Huffman et al., 2018; Hilchey, Rajsic, et al., 2018) and that,
across all procedures and experiments, any RT advantage for
repeating a target color was quite weak, with the lower bounds
on the 95% confidence intervals always approaching 0 ms.

General discussion

The starting point for this investigation was the simple obser-
vation that in some variations of the well-known spatial cue-
ing paradigm, repeating a stimulus location leads to a pattern
of benefits and costs that is response-dependent, producing
visuomotor effects consistent with the PRCs predicted by
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the TEC framework. Other variations lead to no such re-
sponse-dependence, producing instead stimulus location rep-
etition costs consistent with IOR as predicted by attentional
orienting and visuospatial selection frameworks. The present
experiments were designed to test whether differences in how
much feature- or space-based processing can explain when
visuomotor repetition effects are likely to occur and, by exten-
sion, why stimulus location repetitions sometimes reveal
PRCs, while at other times IOR.

Experiment 1 tested the feature-based response hypothesis,
which stipulates that visuomotor effects are caused fundamen-
tally by any increase in feature-based processing. We tested
this by manipulating, within target-target keypress detection
procedures with 4:1 location-response mappings and keypress
localization procedures with 2:1 location-response mappings,
whether it was necessary to process color information in order
to make the appropriate response. The results within and
across these procedures were clear-cut. Within the localization
procedures, responses were slightly slower when the target
location switched but the response repeated relative to when
the target location switched and the response switched, with
both locations being equi-distant from the last target location.
This result is consistent with a PRC. This procedure also re-
vealed that responses were slower when the target location
and response repeated instead of switched to the mirror oppo-
site location. This result is consistent with IOR. The detection
procedure revealed that responding was slower when the

target location repeated relative to switched, which is also
consistent with IOR. Most important, there was no evidence
within these procedures that these effects depended on
feature-based processing, as these effects were stable regard-
less of whether stimulus color processing was needed in order
to determine response execution. Further, the estimate on the
magnitude of IOR was virtually indistinguishable across the
detection and localization procedures, which would not be the
case if a PRC occurred in the detection procedure when the
target location changed. Put simply, the detection procedure
provided no evidence of a visuomotor repetition effect and the
localization procedures provided weak evidence of a
visuomotor repetition effect – a PRC, specifically – with no
modulation by the feature-based processing demands in either
case. Altogether, Experiment 1 provides virtually no support
for the feature-based response hypothesis.

Experiment 2 tested the space-based response hypothesis,
which stipulates that visuomotor repetition effects are caused
by increases in the spatial processing that is required in order
to choose a response. We tested this by intermixing single
keypress detection response (2:1 location response mappings)
and two-choice localization responses (1:1 location-response
mappings) within the same procedure, such that targets
appearing above or below fixation had to be detected whereas
targets appearing to the left and right of fixation had to be
localized, or vice versa. This approach ensured that (1) space
was directly relevant for all responses, (2) there was
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incidentally added competition at the level of response selec-
tion (on account of the added response option(s)), and (3) only
the detection responses could theoretically show PRCs, ac-
cording to the TEC. The localization responses consistently
showed slower responses when the target location repeated
instead of switched to the mirror opposite location, consistent
with IOR. However, this cost was significantly diminished for
the detection responses, even reversing to a benefit in one
case. The pattern is consistent with a PRC in the detection
procedure at the location opposite the previous target, whose
magnitude could become equal to or greater than any cost of
repeating the target location. A control condition demonstrat-
ed that the detection responses showed the expected cost for
repeating the target location when the need to process spatial
information was eliminated by removing the localization re-
sponses from the procedure. In short, Experiment 2 provides
strong support for the space-based response hypothesis.

There are nuances that need to be considered in the inter-
pretation of these results. First, the results of these experiments
should not be taken to discredit the role of feature-based pro-
cessing for the retrieval of all event representations.
Interactions between response and stimulus location repetition
represent a single instance of a class of visuomotor repetition
effects, which belongs to an even broader class of integration
effects (Hommel & Colzato, 2009). The visuomotor class in-
cludes interactions between stimulus color and response loca-
tion, stimulus shape and response location, and stimulus cat-
egory and response location, all of which are dissociable, and
some of which are known to be modified by the extent to
which feature-based processing is required (Hommel,
Memelink, Zmigrod, & Colzato, 2014; Huffman et al., in
press; Moeller & Frings, 2014; Singh, Moeller, Koch, &
Frings, 2018). Rather, the results from the experiments here
suggest specifically that feature-based processing does not
directly or obligatorily modify visuomotor repetition effects
at the level of stimulus location and response repetition. In
addition, our results also do not attest to the role of attention,
or selective processing, in retrieving event files that do not
include a response component (e.g., color × shape interac-
tions; see Hommel, 1998, for examples).

Second, the experiments leave open the general possibility
that event file retrieval effects are a by-product of the type of
attention (e.g., color-based, space-based, shape-based, catego-
ry-based, etc.) that is deemed suitable for planning a response
(Henson, Eckstein, Waszak, Frings, & Horner, 2014;
Hommel, 1998; Memelink & Hommel, 2013; Schumacher
& Hazeltine, 2016). In this respect, it is noteworthy in
Experiment 1 that color processing determined whether to
make a response but not how to make it. This is different than
typical two-alternative forced choice (AFC) target identifica-
tion procedures, in which it is not clear how to make the
response until the target is identified (e.g., Hilchey et al.,
2017a; Hommel, 1998). In Experiment 2’s intermixed

detection and localization procedures, spatial processing di-
rectly determined how to respond, with the response depend-
ing on a successful identification of the target’s spatial axis.
The findings allow for the more general theory that attention,
in the context of response or task sets, is fundamentally re-
sponsible for all event file retrieval effects. Determining how
attention is tuned across different dimensions and what event
representation will be retrieved is an outstanding issue. We
speculate broadly that that all event representation retrieval
may be conditional on the task-specific response processing
requirements, such that subtle procedural differences that
change the selection emphases will dramatically shift the
levels on which these effects are observed. Whether the field
wishes to unite the many selective processing differences that
can occur in order to form a behavioral response under the
broad umbrella of attention is something that researchers will
need to work on together to resolve (Hommel et al., 2019).

Third, we wish to reiterate that the kind of visuomotor
repetition effect (the PRC, more specifically) that is shown
here is not related to the efficiency of target detection, the
initial exogenous or endogenous shift of attention to a tar-
get location, or to visual search at all, as shown elsewhere
(e.g., Hilchey, Antinucci, et al., 2019; Hilchey, Rajsic,
et al. , 2018; Hilchey et al . , 2017b; Zehetleitner,
Rangelov, & Muller, 2012). The effects occur after an ini-
tial shift of attention toward a stimulus. Further, the effects
shown here are not strictly on perception and they are not
strictly on action. Specifically, the effects concern the re-
lationship between perception and action, with selective
attention conceivably playing a role in retrieving associa-
tions that have been formed between them. Experiment 2
was especially useful in this regard for showing, in partic-
ular, that increasing the spatial processing demand in order
to form a response can cause visuomotor repetition effects,
in line with the space-based response hypothesis.

Fourth, in light of other findings, it remains notable that
target color and location repetition do not interact in target-
target procedures without visual distractors, regardless of
whether keypress detection, localization (as shown here; see
also Huffman et al., 2018, for review) or color discrimination
responses are required (e.g., Hilchey et al., 2017a). Attention
to color is simply not sufficient for retrieving event files at the
level of color and location repetition. Furthermore, it remains
clear that non-spatial IOR (any cost for repeating a stimulus
identity; e.g., Fox & de Fockert, 2001; Law, Pratt, & Abrams,
1995), independent of space, does not materialize in target-
target detection and localization procedures (Kwak & Egeth,
1992). When responses are not made to the first of two stimuli
in a sequence (i.e., cue-target procedures), there is some evi-
dence that color repetition can modify spatial priming effects,
or theoretically IOR (e.g., Hu, Fan, Samuel, & He, 2013;
Klein et al., 2015). The interaction, when it occurs, is such
that the magnitude of IOR can be larger when the target and
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cue colors match instead of mismatch, independent of re-
sponse repetition. The results are unusual from the perspective
of the TEC, insofar as the experiments that gave rise to the
TEC provided little support for interactions between stimulus
location and color repetition (Hommel, 1998, 2007; see also
Hilchey, Pratt, & Lamy, 2019, for additional consideration in
the context of visual search). Further, even if the TEC were to
allow for this interaction, the nature of it is not as expected
given the partial mismatching principles. Our interpretation of
the TEC is that a PRC at the level of stimulus location and
color repetition would artificially increase the magnitude of
IOR. This is because PRCs would theoretically occur when-
ever the stimulus location repeats and color switches and
whenever the stimulus location switches and color repeats,
the outcome of which would be lesser IOR on color repeat
trials and greater IOR on color switch trials. The interaction
between stimulus color and location repetition in the cue-
target procedure is consistent with habituation and cue-target
integration/segregation theories (e.g., Cochrane & Milliken
(2020); Klein, Wang, Dukewich, & Hu, 2015; Lupianez,
2010; Lupiáñez et al., 2013), but it is not consistent with the
TEC.

Fifth, color priming effects (i.e., effects of repeating colors)
in these experiments were weak to non-existent (though gen-
erally positive), including in the procedures of Experiment 1
in which attention to color was unambiguously necessary to
respond appropriately (though not necessarily to plan the re-
sponse). These findings are consistent with the literature, as it
is known that the advantage for repeating the target color is
usually only robust when the target is accompanied by visual
distractors, such that attention to color becomes useful or in-
dispensable for finding the target (e.g., Goolsby & Suzuki,
2001; Hilchey, Antinucci, et al., 2019; Huffman & Pratt,
2017; Milliken, Joordens, Merikle, & Seiffert, 1998; Yashar,
White, Fang, & Carrasco, 2017). Given that Experiment 1
demonstrates that attention to the target color after it has been
found does not result in robust color priming effects, our sus-
picion is that attention to color generally is not sufficient for
color priming. Rather, in line with other researchers, we sus-
pect that it is a particular type of attention that is necessary to
produce color priming effects in visual search. It is specifically
the type of attention that must be allocated to color in order to
locate the target. The color priming phenomenon is thus fun-
damentally search-related, putting aside at what levels, exact-
ly, the effects are taking place (Allenmark et al., 2018;
Burnham, 2018).

Finally, we wish to reinforce that our results speak directly
to the cause of visuomotor repetition effects regardless of
whether or not they are interpreted as PRCs through the lens
of the TEC. Visuomotor repetition effects do not need to be
defined strictly in terms of the interference that may arise
when there is a mismatch between a retrieved event represen-
tations and the current processing event, even if many

findings, including those presented here, are consistent with
this perspective (Hommel & Colzato, 2009). Looking at some
of our results from a different angle, an alternative interpreta-
tion of Experiment 2 could stress that IOR may not have been
counteracted by a PRC at all. Rather, for the detection but not
localization responses, it could be argued that IOR was
counteracted by a reactive tendency to reproduce the recently
associated response when the stimulus location repeated. The
findings follow logically from Pashler and Baylis’ (1991) no-
tions of a stimulus-response repetition shortcut. In that theory,
a stimulus-response repetition shortcut, or heuristic, is most
likely when response selection is difficult. The data in the
intermixed localization and detection procedures are consis-
tent with this proposal, in showing that detection responses
were much slower than localization responses when
intermixed whereas detection responses were relatively fast
when the localization responses were removed from the pro-
cedure. The relative slowing of the detection responses in the
intermixed conditions presumably arises because these re-
sponses were not directly compatible with any of the target
locations in the context of the competition for response selec-
tion, whereas all localization responses were (see, e.g., Proctor
& Vu, 2006, for review of S-R compatibility). Thus, the con-
ditions were theoretically favorable for a stimulus location-
response repetition heuristic with the detection responses spe-
cifically, in large part because these responses were dispropor-
tionately difficult to choose. The difference between these
frameworks is whether IOR was masked in the detection pro-
cedure because of a cost for switching the target location (i.e.,
the PRC) or because of a benefit for repeating the target loca-
tion (i.e., a stimulus location-response repetition heuristic).
These frameworks need not be mutually exclusive, and re-
gardless of whichever is preferred, the findings make clear
that event representation retrieval becomes most likely when-
ever a particular dimension may be processed more deeply in
order to determine a response.

To summarize, the goal of the study was to identify factors
that determine when a spatial cueing procedure is more likely
to reveal visuomotor than visuospatial repetition effects,
through the lens of the TEC. Our first study demonstrated that
differences in the feature-based processing demands do not
directly determine visuomotor repetition effects involving
stimulus location and response repetition, inconsistent with
the feature-based response hypothesis. Our second study dem-
onstrated that increased spatial-processing demands for the
response directly determine visuomotor repetition effects in-
volving stimulus location and response repetition, consistent
with the space-based response hypothesis. The findings com-
pel theories to acknowledge that any situation that allows for
any choice amongst response options to be aided by increased
spatial processing is likely to result in visuomotor repetition
effects at the level of stimulus location and response repeti-
tion, any other effects of or on attention notwithstanding. As
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this precondition is met by many studies exploring how visual
selective attention is biased by recently processed stimulus
locations, many studies understandably provide evidence of
visuomotor repetition effects, among other things.

Open Practices Statement The aggregate RT data for the ex-
periments reported here are available at https://osf.io/ud7y2/
(https://doi.org/10.17605/OSF.IO/UD7Y2). Additional
information is available upon request. None of these
experiments were preregistered.
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