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Abstract

In common “attention” tasks, which require stimulus identity processing prior to the formation of
a speeded keypress response, spatial priming effects depend on response repetition. Typically,
the random repetition of a stimulus location is advantageous when the prior response repeats, but
disadvantageous or inconsequential when the prior response changes. This kind of link between
responding and space can make it difficult to draw inferences about attentional bias from two-
choice keypress tasks, whether related to visual sensitivity, orienting, selection or engagement.
Indeed, such findings are usually accounted for by episodic retrieval theories, which can argue
that the response associated with a prior stimulus location is rapidly retrieved when a later
stimulus occupies its space. This retrieval operation is advantageous if the prior response is
needed but not otherwise, which explains typical patterns without appeal to attention. This
retrieval perspective motivated us to evaluate whether spatial priming effects in the inter-trial
priming of visual search depend critically on response repetition. To assess this, we reevaluated
a series of experiments recently published by Tower-Richardi, Leber and Golomb (2016). Their
goal was to determine the reference frame (e.g., spatiotopic, retinotopic or object-centred) of
spatial priming across visual search displays. Our re-assessment showed that, as predicted,
spatial priming was strongly dependent on response repetition when spatiotopic, retinotopic and
object-centered reference frames were perfectly confounded. However, contrary to our
prediction, when eye movements were made to dissociate the spatiotopic and object-centered
reference frame from the retinotopic reference frame, spatial priming was positive and
unaffected by response repetition. The findings demonstrate that at least two distinct processes
factor into spatial priming across visual searches, which can occur at different levels of
representation, lending further support to multi-process and stage theories of spatial priming.
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Humans keep a record of events that have been processed, and this record can influence
behaviour to later events, even if there is no apparent correlation between the current and
recorded events. Once called sequential dependencies, repetition effects or recency effects (e.g.,
Hyman, 1953; Bertelson, 1961; Rabbitt, 1968; Keele, 1969; Kornblum, 1969; Kirby, 1972),
these are now better known generally as priming effects. One particular priming effect concerns
whether responses are faster or slower when the location of a response stimulus (a “target”)
randomly repeats or changes from one moment to the next (e.g., Kirby, 1972; 1976; Rabbitt,
Cumming & Vyas, 1977; 1979; Posner & Cohen, 1984; Maylor & Hockey, 1985; Maljkovic &
Nakayama, 1996). This is a hallmark of spatial priming, and depending on the conditions,
responding is more or less efficient for target location repeats than switches. The key question
regarding spatial priming is, not surprisingly, when is responding more efficient and when is it
less efficient?

The question as to what conditions provide the tipping point between facilitated and
inhibited responses across spatial priming studies has proven difficult to answer, with over half a
century of research going into it. We believe that there are several reasons for this difficulty.
First, several sub-fields have emerged within the spatial priming literature, and although the
paradigms are often very similar, paradigmatic differences have kept researchers focussed on
explanations suited for their sub-field of interest. Second, spatial priming simply cannot be
reduced to a single cognitive operation or process (e.g., Tipper, 2001; Christie & Klein, 2001;
Pratt & Abrams, 1999). Third, despite this, a dominant perspective in the various subfields
remains attentional or perceptual, even though processes closely related to response selection
often appear to be a key determinant between facilitation and inhibition. To help support all

three of these assertions, we briefly review the pertinent sub-fields of spatial priming along
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paradigmatic lines to highlight the circumstances that are favourable for a role of response
selection in spatial priming. This will lead to the discrimination response hypothesis, which we
will test with an ideal data set from an existing study in the intertrial priming literature on visual
search (Tower-Richardi, Leber & Golomb, 2016). To appreciate the importance of this test, one
must keep in mind that this literature has historically favored attentional explanations of spatial
priming and routinely ignored whether response repetition matters.

To begin our review, we start with the simplest paradigm in priming, which is a slight
variation on Posner’s well-known cue-target paradigm (Chica, Martin-Arevalo, Botta &
Lupianez, 2014). In such paradigms, simple button presses are made to localize or detect serially
presented targets in peripheral vision that are unaccompanied by distractors. When the targets are
separated by several hundred to several thousand milliseconds, responses are slowest when the
target location repeats instead of switches. The magnitude of this effect is stable regardless of
whether the target color or shape repeats (e.g., Kwak & Egeth, 1992; Tanaka & Shimojo, 1996;
2000; Fox & de Fockert, 2001; Taylor & Donnelley, 2002; Huffman, Hilchey & Pratt, 2018, for
review). The magnitude of this effect is stable at relatively long intervals regardless of whether
there is a response to the first target in the sequence (Posner & Cohen, 1984; Maylor & Hockey,
1985; Welsh & Pratt, 2006) and regardless of the manual response selection demands (Eng et al.,
2017; Wascher, Schneider & Hoffman, 2015; Khatoon, Briand & Sereno, 2002). Collectively,
these findings are often referred to as inhibition of return, with the general idea being that
attentional orienting or selection is biased against previously attended regions or objects (Klein,
2000; Lupianez, 2010). The nature of these effects depends, in large part, on the activation state
and involvement of the oculomotor system responsible for generating rapid eye movements

(Taylor & Klein, 2000; Grison, Klaus, Paul, Jordan & Tipper, 2004; Hilchey, Dohman, Crowder
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& Klein, 2016; Hilchey, Pratt & Christie, 2016; Eng et al., 2017; see Klein & Redden, 2016, for
recent review). In broad strokes, we think about these paradigms as relatively pure “where”
tasks, mainly because it is typically not necessary to procure target identity information (e.g.,
color or shape) in the visual periphery in order to form the correct response.

If the basic “where” task is altered slightly, such that target identity processing is required
prior to the formation of a keypress response, the spatial priming patterns can change. An elegant
demonstration of this is provided by Wilson, Castel and Pratt (2006), where a simple detection
response was required to the appearance of each serially presented target, whose color randomly
repeated. The key innovation was that the response was conditional on the color of the target,
such that certain colors required a keypress response (“go” targets) whereas others did not (“no
go” stimuli). Using this approach, Wilson et al. demonstrated that a spatial negative priming
effect could be observed only when a go target followed a no-go stimulus, but not when a go
target followed another go target, regardless of whether target color randomly repeated. In these
“what” tasks, which necessitate target identity processing, the patterns are thus inconsistent with
the aforementioned “where” tasks, in which there is spatial negative priming for successive go
targets. The patterns are generally consistent with “target-target” tasks (i.e., responses are made
to stimuli in each display) in which target identity must be discriminated with one of two
arbitrary keypresses, in which case there is spatial positive priming whenever the response
repeats and either spatial negative priming or no effect whenever the response switches. This has
been demonstrated many times (e.g., Terry, Neill & Valdes, 1994; Hommel, 1998; 2005;
Sturmer, Leuthold, Soetens, Schroter & Sommer, 2002; Notebaert & Soetens, 2003; Hazeltine,
Akcay & Mordkoff, 2012; Mordkoff, 2012; Rajsic, Bi & Wilson, 2013; Hilchey, Rajsic,

Huffman & Pratt, 2017a; 2017b; Schwarz & Reike, 2017; Hilchey, Rajsic, Huffman, Klein &
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Pratt, 2018). The point is that in these tasks, which require target identity or “what” processing
prior to responding, the magnitude and even the direction of spatial priming is determined by
response repetition (Hilchey et al., 2017a).

Another way of altering the basic “where” paradigm is to include a second non-target
stimulus (“distractor”) in each display, such that identity information must be extracted from the
stimuli prior to the target response. Paradigmatically speaking, this is the major difference
between a typical inhibition of return paradigm and a typical spatial negative priming paradigm
(D’Angelo, Thomson, Milliken & Tipper, 2016, for recent discussion; see Frings, Schneider &
Fox, 2015; Christie & Klein, 2008, for reviews). Researchers between paradigms often debate
whether spatial negative priming occurs when a stimulus appears at a prior target location (i.e.,
inhibition of return; Posner, Rafal, Choate & Vaughan, 1985; Hilchey, Klein & Satel, 2014) or
whether this only occurs when a target appears at a prior distractor location, for which the phrase
spatial negative priming is typically reserved. In both paradigms, the goal is often to find the
target and respond to its location, but only when there is the possibility of a distractor must the
target identity so obviously be processed. As such, this can be referred to as a “what for where”
task (Tipper, Brehaut & Driver, 1990). This selection difference between paradigms seems to
play a major role in determining the nature of the target location repetition effects. This is, in
fact, the fault line between inhibition of return and spatial negative priming paradigms. Spatial
negative priming paradigms reveal that keypress responses are especially fast when the target
and distractor repeat their respective locations from one moment to the next relative to when they
both appear at new locations or exchange locations (e.g., Christie & Klein, 2001), which
obviously contrasts with the finding of slower responses for target location repetitions in a

simple “where” task. Because of this, there is often confusion about whether attention is biased
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against or toward prior target locations (see, e.g., Pratt & Abrams, 1999; Bichot & Schall, 2002).
Either way, if clever manipulations are introduced to spatial negative priming paradigms to
dissociate location from manual response repetition, target location repetition leads to faster
responding when the response repeats and slower responding when the response does not repeat
(Neill & Kleinsmith, 2016). Again, the point is that when the identity of the target has to be
determined before the response can be made, target-target spatial priming is response-dependent.
When even more distractors are added to form simple “pop out” visual search displays,
so-named because the target is easy to find or “pops out”, our focus shifts to the inter-trial
priming literature on visual search (Maljkovic & Nakayama, 1996). Paradigmatically speaking,
there are two common differences between a spatial negative priming paradigm and an inter-trial
priming paradigm in visual search. In the former, there is only a single distractor and the
response is normally made to the target location (i.e., a “what for where” task). In the latter, the
target is often accompanied by multiple homogenous, or nearly homogenous, distractors and
target identity is usually discriminated with an arbitrary button press. That is, the target is first
located on the basis of its uniqueness on some dimension (e.g., color; “what for where”), and
then responded to with a keypress to some other non-spatial dimension (e.g., shape; “what”). If a
typical spatial negative priming paradigm is a “what for where” task, then an inter-trial priming
in visual search paradigm is a “what for where for what” task. Although controversial,
researchers in the inter-trial priming literature on visual search argue that there are basic
mechanisms that encourage the resampling of previously attended locations when a more
detailed analysis of target identity, or focal attention, is needed (e.g., Tanaka & Shimojo, 1996;
2000; Maljkovic & Nakayama, 1996; 2000; Kristjansson, Vuilleumier, Malhotra, Husain &

Driver, 2005; Hickey, Chelazzi & Theeuwes, 2014). This is inferred from generally faster
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response times when target, and usually distractor, locations repeat instead of switch in the
intertrial priming literature on visual search.

As noted, and interestingly, whether target response repeats or switches between trials is
often ignored in this spatial priming literature on visual search. This is interesting because, as
just discussed, the broader literature is generally consistent in showing that target-target spatial
priming effects are response-dependent when identity selection necessarily precedes response
selection or planning. Barring a handful of exceptions, (e.g. Gokce, Miiller & Geyer, 2015;
Gokce, Geyer, Finke, Miiller & Tollner, 2014; Gokce, Miiller, & Geyer, 2013; Krummenacher,
Miiller, Zehetleitner & Geyer, 2009), most papers in this literature either do not report or are
incapable of evaluating whether spatial priming depends on response repetition. Those that do
show that response repetition matters'.

This general lack of consideration of responding is problematic because response-
dependent spatial priming often makes it extremely difficult to draw unambiguous inferences
about attentional biases in spatial priming, whether related to visual sensitivity (i.e., signal
detection), visual selection (i.e., signal identification), or orienting. Indeed, this point has been
very clearly exemplified by the many colourful debates between researchers across spatial
negative priming and inhibition of return paradigms, and has been highlighted by some of our
more recent work (Hilchey et al., 2017a; 2017b; 2018). Simply, if target-target spatial priming is
positive when the response repeats and weaker, reversed or non-existent when the response

switches, the claim can be made that the target-target priming effect is mainly or exclusively on

! The reader might be reminded of concerns about whether color-based positive priming across visual search
displays are related to response repetition (e.g., Huang, Holcombe & Pashler, 2004). Whereas the links between
color-based positive priming effects and response repetition may only become apparent in relatively difficult search
tasks (e.g., Lamy, Zivony & Yashar, 2011; Yashar & Lamy, 2011), the links between space-based priming and
response repetition are obvious across single stimulus displays (i.e., without distractors, as in Terry, Neill & Valdes,
1994; Hommel, 1998; Hilchey et al., 2017b).
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post-selective processes. Other processes that are commonly linked to attention may play a much
smaller role (e.g., Gokce et al., 2013; 2014; 2015).

Collectively, the data across paradigms give way to the general hypothesis that the
magnitude and the direction of spatial priming is dependent on what information must be
selected to form a response, which we refer to as the discrimination response hypothesis. If this
hypothesis is correct, it means that many spatial positive priming effects in the intertrial priming
literature from studies requiring speeded manual discrimination responses are contaminated by
interactions with response repetition. To evaluate this possibility, we have reanalysed the data
recently reported by Tower-Richardi, Leber and Golomb (2016). These authors investigated,
across three separate experiments, whether the target-target spatial positive priming effects
obtained across visual search displays are represented in retinotopic (i.e., the target repeats its
prior retinal position), spatiotopic (i.e., the target repeats its prior, absolute environmental
position) or object-centred (i.e., target repeats its position relative to the distractors in the scene)
reference frames. Conveniently and ideally, each of these experiments includes the typical
testing scenario, which confounds all three reference frames (i.e., the fixation point remains in
the same place between trials and the configuration of the stimuli in the scene repeats, with the
target either repeating the prior target location or a prior distractor location). Re-assessing this
particular condition in each experiment, factoring in whether the response repeats (and shape,
which guided response selection), provides three independent tests of the discrimination response
hypothesis in the common case.

Tower-Richardi et al.’s data also permits tests of the validity of the discrimination
response hypothesis beyond the common case, which is useful for assessing its generalizability.

Across all three experiments, Tower-Richardi et al. could dissociate the retinotopic
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representation from spatiotopic/object-centered representation. This was accomplished by
placing the fixation cross at a new location on half of the trials before the appearance of the next
visual search display. These conditions allowed us to further evaluate whether the discrimination
response hypothesis generalizes to the situation in which stimuli reappear at all previously
occupied stimulus locations, in absolute environmental coordinates, while the participants’
perspective or vantage point of them has shifted on account of the eye movement. If the
discrimination response hypothesis fully explains spatial priming, then spatial priming should
depend on response repetition in whatever reference frame spatial priming is observed. However,
if additional processes factor into the spatial priming effects, these processes may become clear
only if they can be dissociated from response-dependent spatial priming at some level of
representation.
General Methods

We are re-evaluating Experiments 1A, 1B and 2, of Tower-Richardi et al (2016) to
determine whether the target-target spatial priming effects across visual search displays are
determined by response repetition and, if so, whether the contribution of response repetition to
spatial priming is also reliable across different reference frames. Note that we do not analyze the
conditions in the original report that were unique to Experiment 2, as these data cannot be
verified by Experiments 1A and 1B (but see footnote 2).
Participants

Sixteen, 18 and 25 young adults participated in Experiments 1A, 1B, and 2, respectively.
Stimuli and procedure

Paraphrasing the original report (Tower-Richardi et al., 2016), a fixation cross preceded

visual search displays by 1 s, and fixation of this cross was ensured by an eye tracker. In
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Experiments 1A and 1B, the visual search displays consisted of six chipped diamonds, arranged
in rows of two or three, respectively. In Experiment 2, the search displays were identical to those
in Experiment 1A, except the displays only contained four diamonds. In Experiments 1A and 1B,
four of the diamonds were always the same distance away from the fixation cross and the target
location was randomly selected within certain pragmatic constraints, to ensure that chance
deviations from the expected trial counts did not yield too few observations for any of the
repetition effects. In Experiment 2, either two or four of the diamonds were the same distance
away from the fixation cross and the target. The search dimension was color and the search
target was a singleton in that dimension, randomly selected each trial from a list of red, green
and blue. All of the remaining distractor diamonds were in one of the remaining two colors to
form a homogenously colored distractor array. The response dimension was shape. Each
diamond was randomly chipped on its left or right side, to which the keys “1”” and “2”,
respectively, were pressed on a keyboard number pad. Each visual search display and fixation
cross remained onscreen until either a response was made or 3 s had elapsed. After this, the
screen went blank for 500 ms, after which the next fixation cross appeared and thus the next trial
began.

The location of the fixation cross repeated between half of the trials (“fixation stay”’) and
appeared at a new location on the other half (“fixation move”). In Experiments 1A and 1B, the
constellation of stimuli never shifted in space in between trials and the target location either
repeated or exchanged places with an earlier distractor (i.e., “array stay”, see Figure 1). Unique
to Experiment 2, the constellation of stimuli could also shift to a new location from one trial to
the next (i.e., “array move”, see Figure 2). For the fixation stay/array stay conditions, the

retinotopic, spatiotopic, and object-centered reference frames for spatial priming were perfectly
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confounded. For the fixation move/array stay conditions, an eye movement was needed and thus
the retinotopic and spatiotopic/object-centered reference frames for spatial priming could be
dissociated. Across these trials, when the target appeared at the same location relative to the
position of the eye across trials, there was repetition of the target’s retinotopic coordinates but
not of its spatiotopic/object-centered coordinates. When the target appeared at exactly the same
location as it did on the last trial, there was repetition of the target’s spatiotopic/object-centered
coordinates but not of its retinotopic coordinates.
Analytical Strategy

We add Target Shape/Response Repetition as a factor to the Tower-Richardi et al design.
In the fixation stay/array stay condition, the relevant factors are Target Location Repetition
(same retinotopic/spatiotopic/object-centered or different location) and Target Shape/Response
Repetition (same or different). In the fixation move/array stay condition, the factors are the same
except Target Location Repetition now comprises three levels, same spatiotopic/object-centered,
same retinotopic, or different location.

Results

Following the original report, 1,2 and 3 participants were excluded in Experiments 1A,
1B and 2, respectively, because they did not complete enough trials. We also implemented the
same exclusion criteria (i.e., fixation errors on trials N and N-1, response errors on trial N, RT
outliers) and included only trials with the same fixation-to-target eccentricity. We then noticed
that response errors on trial N-1 had been accidently included in the original analyses. These
keypress errors on trial N-1 accounted for 2.79%, 1.82% and 2.66% of the remaining trials in
Experiments 1A, 1B, and 2, respectively. We excluded trial N-1 keypress errors from the present

analyses, though their inclusion/exclusion does not much matter for the RT analyses, presumably
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because keypress errors were rare. Indeed, keypress errors were so sporadic across the full range
of conditions in the design that it was difficult, if not impossible, to draw any meaningful
inferences from them statistically. Accordingly, only the error-free RT data for spatial priming
could be analyzed.
Fixation Stay/Array Stay conditions

The mean participant RTs (see Table 1) were analyzed with a 2 (Target Location
Repetition: same retinotopic/spatiotopic/object-centered or different) x 2 (Target
Shape/Response Repetition: same or different) repeated measures analysis of variance
(ANOVA).

Experiment 1A

There was an effect of Target Location Repetition, F(1, 14) =58.40,p <0.01, np2 =
0.8066 but not of Target Shape/Response Repetition, F(1, 14) =4.156, p = 0.0608, npz =0.2289.
Responding was faster (601 ms) when the target location repeated than when it changed (640
ms). The main effect of Target Location Repetition was qualified by the interaction, F(1, 14) =
26.06,p <001, T]pz =(0.6505. There was spatial positive priming regardless of whether the
response repeated, though this priming effect was much larger when the response repeated (61

ms) instead of switched (16 ms).

Experiment 1B

There were effects of Target Location Repetition, F(1,15) =27.33,p <0.01, np2 =
0.6457 and Target Shape/Response Repetition, F(1,15) =18.96, p <0.01, “r]p2 =(0.5583.

Responding was faster when the target location repeated (609 ms) than when it changed (641

ms). Responding was also faster when the shape/response repeated (614 ms) than when it
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changed (637 ms). The effects were qualified by the interaction, F(1, 15)=11.54,p <0.01, “r]p2 =

0.4348. There was little evidence of spatial positive priming when the target shape/response
switched (2 ms) whereas there was spatial positive priming when the target shape/response
repeated (44 ms)

Experiment 2

There was an effect of Target Location Repetition, F(1,21) =22.61,p <0.01, “r]p2 =
0.5184 and Target Shape/Response Repetition, F(1,21) =6.40,p =0.0195, T]pz =0.2144.

Responding was faster when the target location repeated (585 ms) than when it changed (622
ms). Responding was also faster when the shape/response repeated (592 ms) than when it

switched (615 ms). The effects were qualified by the interaction, F(1,21) =7.888,p=0.011, T]p2

=0.2730. There was spatial positive priming regardless of whether the response repeated, and
this effect was larger when the target shape/response repeated (55 ms) instead of switched (19
ms).
Fixation Move/Array Stay conditions

The mean participant RTs (see Table 2) were analyzed with a 2 (Target Location
Repetition: same retinotopic, same spatiotopic/object-centered or different) x 2 (Target
Shape/Response Repetition: same or different) repeated measures analysis of variance
(ANOVA).

Experiment 1A

There were effects of Target Location Repetition, F(2,28) = 13.87, p <0.01, 7],,2 =
0.4977 and Target Shape/Response Repetition, F(1, 14) =5.904, p = 0.029, T]pz = .2966 .

Responses were fastest when the spatiotopic/object-centered location repeated (603 ms) whereas
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RTs were roughly equal whenever either the retinotopic location repeated (633 ms) or the target
location changed (635 ms). Responding was faster when the target shape/response repeated (618
ms) than when it switched (630 ms). There was no reliable interaction, F(2,28) = 1.584,p =

0.223,m,2=0.1017.

Experiment 1B

There was an effect of Target Location Repetition, (2, 30) = 13.65,p <0.01, T]pz =
0.4764, but not of Target Shape/Response Repetition, F(1, 15)=1.69,p =0.213, T]pz =0.2132.

Responses were fastest when the spatiotopic/object-centered location of the target repeated (620
ms), next fastest when the retinotopic location of the target repeated (638 ms) and slowest when
the target location changed (648 ms). There was again no reliable interaction, F(2,30) = 0.821, p

=045, T]p2 =0.05190.

Experiment 2

There was an effect of Target Location Repetition, F(2,42) =15.92,p <0.01, T]p2 =
0.4312 and Target Shape/Response Repetition, F(1,21)=11.72,p <0.01, np2 =(0.3583.

Responses were fastest when the spatiotopic/object-centered location of the target repeated (590
ms) and slowest when the retinotopic location of the target repeated (614 ms) and when the
target location changed (622 ms). Responding was also faster when the shape/response repeated

(600 ms) than when it changed (617 ms). There was again no reliable interaction, F(2,42) =
0.632,p =0.54, T]p2 =0.0232.
Combined Analysis

Given the consistency of the target location repetition effects and their interactions with

response repetitions, and lack thereof, across experiments, we decided to combine the data across
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all experiments to get a better sense of the effects in the fixation stay/array stay and fixation
move/array stay conditions with greater statistical power. Relatedly, in the spatiotopic/object-
centered condition of the fixation move/array stay condition, we noticed that the spatial priming
effect always averaged a little bit larger when the response repeated (means = 35-39 ms) than
when it switched (means = 21-31 ms), which hints at a potential for response mediation. Perhaps
this interaction can only be detected with greater statistical power. That being said, even if there
is some modification of the spatial priming effect by response repetition, it must be relatively
small and unreliable, which contrasts markedly with the observation from the fixation stay/array
stay condition.

Fixation Stay/Array Stay condition

There were effects of Target Location Repetition, F(1,52) =82.98,p <0.01, 7],,2 =
0.6148 and Target Shape/Response Repetition, F(1,52) =20.72,p < 0.01, “r]p2 =(0.2849.

Responding was faster when the target location repeated (597 ms) than when it changed (633
ms). Responding was also faster when the shape/response repeated (605 ms) than when it
changed (626 ms). The effects were qualified by the interaction, F(1,52) =34.98,p <0.01, “r]p2 =
0.4022, which can be seen in Figure 3. The mean spatial positive priming effects were 56 ms and

15 ms for response repeats and switches, respectively.

Fixation Move/Array Stay condition

There were effects of Target Location Repetition, F(2, 104) =43.03,p < 0.01, npz =
A528 and Target Shape/Response Repetition, F(1,52) =11.08,p <0.01, “r]p2 =0.1756.

Responding was fastest when the spatiotopic/object-centered target location repeated (603 ms),

next fastest when the retinotopic target location repeated (627 ms) and slowest when the target
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location changed (634 ms). Responding was faster when the target shape/response repeated (613

ms) than when it changed (629 ms). There was no interaction, F(2, 104) =0.933, p =0.374, T]p2

=0.0187, which is easily seen in the nearly parallel lines of Figure 4. For simplicity, in
spatiotopic/object-centered coordinates, spatial positive priming averaged 36 and 27 ms for
response repeats and switches, respectively. In retinotopic coordinates, spatial positive priming
averaged 11 ms and 4 ms for response repeats and switches, respectively.
General Discussion

Collectively, the data are only partly consistent with the discrimination response
hypothesis. As predicted, the effects of repeating the target location depended on response
repetition when all three reference frames were perfectly confounded. But contrary to this
prediction, there was evidence of spatial positive priming even when the response switched,
which suggests that at least one additional process independent of response repetition factors into
the spatial priming effects (see e.g., Krummenacher, Miiller , Zehetleitner, & Geyer, 2009;
Gokce, Miiller & Geyer, 2015). Furthermore, there was no convincing or reliable evidence of
response-dependent spatial priming when the retinotopic and spatiotopic/object-centered
reference frames were dissociated by shifting the fixation stimulus in between search displays.
More specifically, in this case, in which the constellation of stimuli repeated its absolute
environmental coordinates but was viewed from a different perspective because of the gaze shift,
spatial positive priming effects were reserved for the spatiotopic/object-centered reference frame,
unmodified by response repetition. Thus, it seems that this condition provides, relatively
speaking, a response-independent marker of spatial positive priming.

As far as the response-dependent spatial priming effects go, we believe that they likely

reflect decision-making heuristics that are confined to effectors involved in actualizing
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judgments about target identity information (e.g., Hilchey et al., 2018; Huffman, Hilchey &
Pratt, 2018). Basically, when stimuli have to be identified in order to form a response, the prior
target location and keypress response are presumed linked together to form some sort of implicit
memory trace (e.g., Hommel, 2004; Huffman, Hilchey & Pratt, 2018). When the target location
repeats, the recently associated response is rapidly retrieved and reactivated, after the target
location has been oriented to (Hilchey et al., 2018; Hilchey et al., 2017b). This retrieval
operation can occur without reference or with minimal reference to local stimulus identity (Terry
et al., 1994; Hommel, 1998; Notebaert & Soetens, 2003; Hilchey et al., 2017a). Presumably, the
response repetition tendencies occur because the visuomotor system has learnt outside of the
laboratory that a stimulus in the visual environment does not usually vanish from sight only to
spontaneously re-appear at its earlier location with a different identity (Egner, 2014). That is,
ordinarily, unless the task or context changes, the re-enactment of previously successful manual
responses to locations at which stimuli were previously identified is viable.

Precisely why the modification of spatial priming by response repetition disappeared in
the fixation move/array stay conditions is unclear and unexpected. We know that eye movements
between target displays are not, in and of themselves, sufficient for abolishing response-
dependent spatial priming, at least not when the eyes must return to the same spot before the
appearance of each target display and then fixate the target (Hilchey et al., 2018; Hilchey, Mills,
Lamy & Pratt, in preparation). Such findings rule out the mere presence of intervening eye
movements for eliminating response-dependent spatial priming. One possibility is that the scene
has to be viewed during retrieval (trial N) with a similar perspective to that in which it was
viewed during encoding (trial N-1) ; this thought is generally compatible with the idea that

certain priming effects are nested within visuospatial contexts (or global configurations/scenes,
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e.g, Gokce, Miiller & Geyer, 2013; Geyer, Miiller & Krummenacher, 2007). As such, it may be
possible, for example, to shift the eye and all stimuli in the scene the same distance in between
trials and still obtain response-dependent spatial priming. In fact, this is suggested by the analysis
in footnote 2%, which shows object-centered representation when the fixation cross and all stimuli
in the array shift in space, along the same vector and by the same amount (fixation move/array
move), and also object-centered representation if the array shifts and the fixation cross does not

(fixation stay/array move). If these findings are accepted, response-dependent spatial priming

* A reviewer noticed that conditions unique to Experiment 2 could shed further light on this possibility; happily, we
were encouraged to take a closer look. However, because we do not have independent experiments against which to
verify the findings of this experiment, did not have a plan to look at these data in the first place, and had no
contingency plan if the discrimination response hypothesis failed, we must treat these findings cautiously.

In one of the previously unanalyzed condition (“Array Move/Fixation Move”, see Figure 2), the fixation
stimulus and search array were each displaced the same distance along the same vector. In this context, the
spatiotopic reference frame can be divorced from the retinotopic and object-centered reference frame, which remain
confounded. The data from this condition were analyzed with a 3 (Target Location Repetition: same retinotopic,
same retinotopic/object-centered, different) x 2 (Target Shape/Response Repetition: same or different) repeated

measure ANOVA. The effect of Target Location Repetition was significant, F(2, 42) =4.958, p = 0.012, np2 =
0.1910; the effect of Target Shape/Response Repetition was not, F(1, 21) = 0.988, p = 0.33, np2 = 0.0449, while the

interaction was significant, F(2, 42) = 9.239, p <0.01, np2 =0.3055. Spatial priming was response-dependent when

the target repeated its prior retinotopic and object-centered coordinates, with larger spatial positive priming for
response repetitions (39 ms) than switches (6 ms). In contrast, if anything, the opposite pattern was observed when
the target repeated its prior spatiotopic coordinates, with 12 and 30 ms of spatial positive priming for response
repetitions and switches, respectively. The results appear to indicate that the response-dependent “spatial” priming
effect is not linked inextricably to the absolute location of the target and can instead be linked to the visuospatial
context. The result also lends some credence to the idea that the eyes and search array can be shifted by the same
distance along the same vector without abolishing response-dependent spatial priming.

In the other previously unanalyzed condition (“Array Move/Fixation Stay”, see Figure 2), the location of
the fixation stimulus did not change in between trials but the center of mass of the stimuli in the search array did. In
this context, the object-centered reference frame can be divorced from the retinotopic and spatiotopic reference
frame, which remain confounded. The data were analyzed with a 3 (Target Location Repetition: same object-
centered, same retinotopic/spatiotopic, different) x 2 (Target Shape/Response Repetition: same or different)

ANOVA. The effects of Target Location Repetition, F(2, 42) =7.192, p =< 0.01, npz =0.2551, and Target
Shape/Response Repetition, F(1,21)=13.95, p <0.01, np2 =0.3991 and the interaction between them, F(2, 42) =

3.699, p=0.033, 2 0.1497 were significant. Spatial priming was response-dependent when the target repeated
p getrep

its prior object-centered coordinates, with larger spatial positive priming for response repetitions (29 ms) than
switches (6 ms). In contrast, if anything, the opposite pattern was observed when the target repeated its prior
spatiotopic and retinotopic coordinates, with 14 ms and 30 ms of spatial positive priming for response repeats and
switches, respectively. Similar to the prior analysis, the results appear to indicate that the response-dependent
“spatial” priming effect is not linked inextricably to the absolute location of the target. Collectively, we simply
notice that the results here reveal response-dependent spatial priming only when an object-centered reference frame
could be available. Yet, repeating the target’s position relative to all distractors in the array is clearly not sufficient
for response-dependent spatial priming, as revealed by the analyses in the main text.



Response-dependent spatial priming in visual search 20

must be supported by multiple reference frames, with dissociable effects occurring at different
levels.

There is a second effect in these inter-trial priming studies of visual search that is
independent of manual response repetition, which may be considered attentional. This is most
clearly seen in the fixation move/array shift conditions, in which an eye movement is made in
between visual search displays to dissociate between spatiotopic/object-centered and retinotopic
repetition of the target location. The ensuing spatial positive priming effect in the
spatiotopic/object-centered reference frame is, at best, minimally response-dependent, thus
revealing an unforeseen limit on the discrimination response hypothesis (and other episodic
retrieval theories emphasizing response repetition; see Frings et al., 2015, for review). As such,
evidently, at least two processes are needed to account for the full data set here (see also, e.g.,
Pratt & Abrams, 1999; Christie & Klein, 2001; Krummenacher et al., 2009). We know that this
response-independent spatial positive priming effect must be caused, on some level, by whether
“what” processing is needed in order to form the correct response, given that responses are
slower when the target location repeats in “where” tasks (e.g., Maylor & Hockey, 1985; Taylor
& Klein, 2000; Welsh & Pratt, 2006; Huffman, Hilchey & Pratt, 2018). We also know that this
spatial positive priming effect is not a mere product of the “what” task, given that eye
movements remain slower to prior target locations even when those eye movements are
expressly for the purpose of obtaining identity information for a keypress response (Hilchey et
al., 2018). In fact, even in “what-for-where” tasks, highly compatible spatial responses to the
target location, like joystick responses (Christie & Klein, 2001; Milliken, Tipper, Houghton &
Lupianez, 2000) and eye movements (Pratt & Abrams, 1999; Bichot & Schall, 2002) are often

made no faster when the target location repeats instead of changes. In particular, with
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oculomotor responses to target locations across simple visual search displays, the average eye
movement response time is often slower -- and never any faster -- when the target location
randomly repeats instead of changes, which we have recently verified in “where”, “what for
where”, and “what for where for what” tasks (Hilchey, Mills, Lamy & Pratt, in preparation;
Hilchey, Mills & Pratt, 2018).

Based on the extant data, we believe that the response-independent spatial positive
priming effect relates more closely to the ease with which information can be extracted from a
region or the ease by which the response rules can be determined to perform the task (Tanaka &
Shimojo, 2000; Hillstrom, 2000; Yashar & Lamy, 2010), either of which can occur independent
of orienting bias (Hilchey et al., 2018; Pierce et al., 2017; Posner & Petersen, 1990). In addition
to these effects, target location repetition effects can be highly dependent on keypress response
repetition in tasks requiring target identity processing, and this contribution from response
repetition may intensify with a greater number of location and response possibilities (Hilchey et
al., 2017b; Hyman, 1953).

To conclude, the data in Tower-Richardi et al (2016) only partly support the
discrimination response hypothesis. In the typical experiment with confounded spatiotopic,
retinotopic and object-centered reference frames, spatial positive priming effects are indeed
response-dependent. However, the results also make clear spatial positive priming effects can be
separated from response repetition. The data are thus broadly consistent with multi-process
theories of spatial priming (e.g., Pratt & Abrams, 1999; Milliken et al., 2000; Christie & Klein,
2001; Yashar, Lamy & Ruderman, 2010; Krummenacher & Miiller , 2012; Pierce, Crouse &
Green, 2017; Hilchey et al., 2018), none of which are complete. Whatever the eventual case, it is

at this point clear that the nature and limits on the observed spatial priming effects are
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determined predominantly by the sensorimotor demands and contexts of the task (Rangelov,
Miiller & Zehetleitner, 2012; Memelink & Hommel, 2013), with strong links between target
location and response repetition developing at unique levels of representation, specifically in

tasks demanding target identity processing prior to response formation.
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Figure 1. An overview of the possible relationships between target locations from one search

array to the next in Experiments 1A and 1B.
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Figure 2. An overview of the possible relationships between target locations from one search

array to the next in Experiments 2, which includes the two unique array move conditions.
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Figure 3. Modulation of spatial positive priming effects as a function of target shape and
response repetition when the spatiotopic/retinotopic/object-centered reference frames are
confounded (i.e., fixation stay/array stay). The errors bars are protected Fisher’s Least

Significant Differences (FLSDs) from the mean squared error term of the interaction.
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Figure 4. Spatial positive priming effects largely unmodified by target shape and response
repetition when the spatiotopic/object-centered and retinotopic reference frames are dissociated
(i.e., fixation move/array move). The errors bars are protected Fisher’s Least Significant

Differences (FLSDs) from the mean squared error term of the interaction.
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Table 1. Mean RTs for all combinations of Target Location Repetition and Target
Shape/Response Repetition in Experiments 1A, 1B and 2 when retinotopic, spatiotopic, and

object-cenetered reference frames are confounded (i.e., fixation stay/array stay condition)

Exp. 1A Exp 18 Exp.2
Resp T Loc T. Loc Spasa T. Loc T Loc Spasal T. Loc T Loc Spatml
Rep Rep . RT Switch Paming Rep. RT. Switch Paming Rep. RT Switch Primng
{ms) RT jms) (ms) (ms) RT jms) (ms) {ms) RT (ms) {ms)
Same 583 522 61 588 632 44 565 620 55
Oiff 620 635 15 640 642 2 606 625 19
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Table 2. Mean RTs for all combinations of Target Location Repetition and Target
Shape/Response Repetition in Experiments 1A, 1B and 2 when spatiotopic/object-centered and

retinotopic reference frames are deconfounded (i.e., fixation move/array stay).
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