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One common way to investigate the relationship between eye movements and attention is to pair the
cueing paradigm with a saccadic dual-task. Here eye movements are directed to one location in the visual
field, while a spatial cue simultaneously directs attention to the same or a different location. The
magnitude of the cueing effect is then compared between trials where gaze is maintained at fixation and
trials where eye movements are prepared. As these comparisons typically occur across blocked single and
dual-task conditions, it is difficult to address possible confounds due to changes in response caution. In
this paper we use evidence accumulation modeling to remove this confound and extract a measure of
orienting that can be used to quantify and compare the influence of spatial attention across four different
manipulations of eye movements: 2 that require fixation and 2 that require saccade preparation. The
results demonstrate that the magnitude of the cueing effect is similar regardless of eye movement
condition or perceptual task. The perceptual benefit associated with preparing a saccade, in contrast, was
found to vary by perceptual task. Taken together these results establish that spatial attention and saccade
preparation are separable and, we suggest, mediated by distinct underlying mechanisms.

Public Significance Statement
In this study, evidence accumulation modeling is used to compare the relative contributions of spatial
attention and saccade preparation across tasks with varying acuity demands. We compare performance across two tasks: one that can be done in the periphery (orientation discrimination) and one
that requires acuity (Landolt gap detection). The results reveal a clear dissociation between spatial
attention and saccade preparation. The magnitude of the saccade preparation effect varied across the
two tasks, but the cueing effect did not. Similarly, the magnitude of the spatial cueing effect was
unaffected by the instruction to fixate or prepare eye movements. These results provide compelling
evidence that both types of orienting are dissociable and mediated by distinct underlying
mechanisms.
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spatial acuity, the fovea. Covert shifts in spatial attention, on the
other hand, allow regions of space in the periphery to be selected
for further processing without any accompanying shifts in gaze. As
both types of orienting have been shown to improve detection and
discrimination performance (Posner, 1980), as well as be accompanied by corresponding changes in neural activity (Moore &
Fallah, 2004), it is perhaps unsurprising that researchers have been
interested in the relationship between these two selection mechanisms for over four decades (for review, see Hunt et al., 2019).
One particularly longstanding question concerns the extent to
which eye movement preparation and spatial attention are mediated by the same or distinct underlying mechanisms (Klein, 1980;
Rizzolatti et al., 1987; Sheliga et al., 1994; Sheliga et al., 1995).
One common way to investigate this question is to simultaneously
manipulate both spatial attention and eye movement preparation. It
is typical for researchers to measure the effects of spatial attention
on detection performance for trials that do not require eye move-

To make sense of the vast amount of visual information in the
world, the visual system has developed mechanisms to select and
filter relevant visual information from irrelevant visual noise (Carrasco, 2011). This filtering process is achieved both by overt shifts
in gaze and covert shifts in spatial attention. Rapid eye movements, known as saccades, bring objects of interest from the
low-resolution periphery onto the part of the retina with the highest
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ments, to those that do. It follows that if each type of orienting is
mediated by distinct mechanisms, then the influence of spatial
attention should not vary as a function of whether eye movements
are prepared or fixated (Sheliga et al., 1994; Sheliga et al., 1995;
Van der Stigchel & Theeuwes, 2005). The problem with this
approach, however, is that these two conditions are often, if not
always, presented to participants across separate blocks or tasks
(Castet et al., 2006; Deubel, 2008; Hoffman & Subramaniam,
1995; Kowler et al., 1995; Montagnini & Castet, 2007; Shepherd
et al., 1986). When conditions are presented across separate blocks
it is not possible, using accuracy and reaction time (RT), to
disentangle the influence of orienting from other factors that can
also influence perceptual performance. In such cases, it is not
straightforward to establish how spatial attention is modulated by
the preparation of an eye movement (Parker et al., 2020).
In the present study we use a computational modeling approach
to overcome this limitation and unambiguously quantify how
spatial attention is modulated by eye movement preparation and
fixation. Our results provide compelling evidence that both types
of orienting are mediated by distinct underlying mechanisms.

Dual-Task Methodology
The typical saccadic dual-task simultaneously manipulates both
the direction and preparation of an eye movement and the location
of spatial attention. Probability schedules or visual cues are used to
covertly direct spatial attention, whereas eye movements are manipulated through instruction. Discrimination or detection performance is then measured when the target appears at the same
(congruent) or a different (incongruent) location to the upcoming
eye movement, or the same (valid) or different (invalid) location to
spatial attention. Although the difference between the congruent
and incongruent conditions is thought to be an index of the
perceptual consequences of saccade preparation (or presaccadic
attention), the difference between the valid and invalid cue conditions, or cueing effect, is taken as a measure of spatial attention
(Jonides, 1981; Posner, 1980; Posner et al., 1978).
Although it is commonly reported that detection and discrimination performance improve at the saccade goal about 75–100 ms
before the onset of an eye movement (Awh et al., 2006; Deubel,
2008; Kowler et al., 1995; Rolfs & Carrasco, 2012)—an effect
often termed presaccadic attention—it is much less clear the
extent to which spatial attention influences performance above and
beyond the effect of eye movements (Born et al., 2013; Castet et
al., 2006; Deubel, 2008; Deubel & Schneider, 1996; Hoffman &
Subramaniam, 1995; Kowler et al., 1995; Montagnini & Castet,
2007; Shepherd et al., 1986).
One common way for researchers to explore this question is to
compare the cueing effect apparent on trials where eye movements
are minimized to trials where eye movements are prepared and
then executed (Deubel, 2008; Hoffman & Subramaniam, 1995;
Montagnini & Castet, 2007; Shepherd et al., 1986). The difference,
or lack thereof, between these two conditions is then used to draw
conclusions about how spatial attention is modulated by the preparation of an eye movement.
Many early studies, for example, concluded that spatial attention
could not shift away from the goal of an upcoming eye movement
(Deubel & Schneider, 1996; Deubel & Schneider, 2003; Hoffman
& Subramaniam, 1995; Shepherd et al., 1986). This conclusion
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was based upon the finding that spatial attention effects apparent in
a “fixation-only” block were not evident on a block of trials that
required the simultaneous preparation of an eye movement (Hoffman & Subramaniam, 1995; Shepherd et al., 1986).
More recent studies, which do report an influence of spatial
attention away from the saccade goal, use a similar methodology.
Here the cueing effect in a “covert-only” condition is used as a
baseline by which to compare the influence of spatial attention on
dual-task trials (Castet et al., 2006; Montagnini & Castet, 2007).
Using this approach, Castet and colleagues (2006) reported the
cueing effect to be smaller on dual-task trials relative to fixation
trials. This finding led the authors to conclude that spatial attention
was modulated by the preparation of an eye movement. Deubel
(2008) similarly used blocked “discrimination-only” trials as a
baseline condition by which to measure the modulation of spatial
attention across time. It was reported that although there was an
influence of spatial attention early during saccade preparation
time, it decayed the closer in time the target appeared to saccade
onset. Results which suggest spatial attention, while separable
from the saccade goal in certain circumstances, is still inherently
coupled to oculomotor preparation.
In all these studies it is difficult to draw conclusions about
orienting because comparisons were made across blocked conditions. One problem with making these types of cross-task comparisons is that it is not possible, using an analysis of accuracy and RT
alone, to disentangle the operation of spatial attention from differences in the degree of response caution exercised in each task. The
nature of this problem becomes most apparent if we consider the
widely reported speed–accuracy trade-off phenomenon (SAT;
Fitts, 1966; Ratcliff & Rouder, 1998).

SAT
The SAT refers to the situation where more cautious responding
is associated with more accurate choices and slower response
times, whereas less cautious responding is associated with less
accurate decisions and faster response times. When accuracy and
RT are considered separately, there is no straightforward way to
combine these measures into a single value that can capture task
difficulty. Imagine, for example, a participant who displays less
cautious responding on a block of trials that require central fixation
and more cautious responding on a block of trials that require an
eye movement. It is difficult from a separate analysis of accuracy
and RT to establish which task was more difficult or if there was
any difference between the tasks at all. It is possible in any
comparison of accuracy and RT across blocked conditions that
rather than reflecting the operation of spatial attention specifically,
it may instead reflect variations in response caution. In studies that
compare the cueing effect evident on “fixation-only” conditions to
separate dual-task conditions it is not possible to ascertain to what
extent differences between these blocked conditions reflect variations in response caution or the modulation of spatial attention by
the preparation of an eye movement.

Evidence Accumulation Modeling and the Saccadic
Dual-Task
To overcome this limitation, Parker et al. (2020) recently combined an evidence accumulation model, the linear ballistic accu-
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mulator (LBA; Brown & Heathcote, 2008), with a saccadic dualtask. Evidence accumulation modeling allows for cross-task
comparisons by providing a principled way of combining accuracy
and the distribution of RTs for correct and error responses to
estimate parameters of a model that separate the effects of response caution from difficulty. Most evidence accumulation models, including the LBA model, share the same basic framework to
explain choice behavior (Donkin et al., 2009). They all assume that
evidence is accumulated until a threshold is reached for one
potential response. That response is then chosen, with the time
taken for evidence to reach a threshold being the decision time
component of RT.
All models estimate values for three main parameters: threshold,
the amount of evidence necessary for a decision to be made; drift
rate, the rate at which evidence in favor of a decision accumulates;
and nondecision time, the duration of all processes that occur
outside the decision, such as stimulus encoding and making a
motor response. Critically these measures allow us to separate out
and quantify differences in response caution from task difficulty.
This is achieved by allowing the threshold parameter to vary by
blocked task conditions; in this way the threshold parameter can
account for potential SATs that may exist across blocked task
conditions. At the same time drift rate, a measure that captures the
quantity and quality of information about a decision, is able to
quantify differences in task difficulty (Lewandowsky & Oberauer,
2018; Wagenmakers et al., 2007).
Parker and colleagues (2020) used this methodology to establish
that there was a separate and measurable contribution of both
spatial attention and presaccadic attention within the same dualtask. Furthermore, the influence of spatial attention was found to
be selectively modulated by cue type. The authors did not, however, systematically manipulate the preparation and fixation of eye
movements, despite this type of cross-task comparison being typical of many dual-task studies and central to a number of conclusions within the literature (Castet et al., 2006; Deubel, 2008;
Hoffman & Subramaniam, 1995; Montagnini & Castet, 2007;
Shepherd et al., 1986). Given this, it remains to be seen to what
extent spatial attention is modulated by the preparation of an eye
movement. Investigating this question is central to establishing
whether each type of orienting is mediated by the same or distinct
underlying mechanisms.

(Montagna et al., 2009). Landolt squares are known to require
high levels of fine spatial resolution for discrimination. Performance on this task is therefore best at central fixation and falls
off sharply in the periphery. Orientation discrimination, on the
other hand, requires less fine spatial resolution for completion
and is thought to be performed reasonably well in the periphery
(Paradiso & Carney, 1988). Given that the primary goal of
making a saccade is to shift objects from the low-resolution
periphery to the high-resolution fovea, it follows that the perceptual benefit of preparing an eye movement toward/away
from the target may also selectively vary by the acuity demands
of the task.
Most importantly, to meaningfully compare these blocked conditions we fit the LBA model to accuracy and RT data (see Figure
1). Differences in response caution were captured by allowing
threshold to vary by blocked conditions, whereas drift rate, or the
quality of evidence accumulation, was our primary dependent
measure and allowed to vary by both cue validity and saccade
congruency.
If spatial attention and presaccadic attention are mediated by
distinct underlying mechanisms we predicted that (a) there would
be a measurable influence of both cue validity and saccade congruency on dual task trials, consistent with the results of Parker
and colleagues (2020); (b) the magnitude of the cueing effect
would not vary by gaze; and (c) the magnitude of the saccade
congruency effect would selectively vary by task. Specifically,
given Landolt gap detection is known to require higher visual
acuity, there would be a larger saccade congruency effect in
Experiment 1b than Experiment 1a.

General Methods
In Experiment 1a, participants were required to discriminate
the orientation of a Gabor patch (horizontal vs. vertical). In
Experiment 1b, participants were required to identify the loca-

Figure 1
Schematic of LBA Model Applied to a Single Trial
in Experiment 1b

Current Study
The aim of this study was to use an evidence accumulation
modeling approach to examine the extent to which spatial attention
is modulated by the preparation of an eye movement. Across two
experiments, we used a peripheral cueing paradigm to direct spatial attention while both gaze and task were manipulated. Gaze was
manipulated by instructing participants to either fixate or prepare
a saccade toward task-relevant or task-irrelevant locations. In the
fixation condition, eye movements were either assumed not to
have occurred, as is typical of cueing studies (Chica et al., 2014),
or monitored with an eye tracker.
Task was manipulated by using two sets of stimuli that
required more or less visual acuity. In Experiment 1a participants were required to discriminate the orientation of a vertical
or horizontal Gabor patch, while in Experiment 1b participants
were required to identify the gap location of a Landolt square

Note. In the trial the stimulus presented is a Landolt square
with a gap in the top side. Quality of evidence accumulation
measured by taking differences between drift rate for the
correct response (e.g., gap in the top part of the square; solid
line) versus incorrect response (e.g., gap in the bottom part
of the square; dashed line). LBA ⫽ linear ballistic accumulator; RT ⫽ reaction time.
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not achieving above chance accuracy on the orientation discrimination task.

tion of a gap in a Landolt square. Except for this difference in
the stimuli, the methods and procedures for Experiment 1a and
1b were identical. We therefore present the methods and results
of both experiments together. As illustrated in Figure 2A, each
experiment consisted of three different tasks: (a) In the fixationassumed task, eye movements were not monitored, rather fixation was assumed by virtue of a brief cue-target onset asynchrony. (b) In the fixation-monitored task, an eye tracker
monitored gaze position and any trial where a saccade occurred
was eliminated. (c) In the saccade-execution task, eye movements were directed and subsequently executed to one of four
placeholder positions. Within this latter task, there were two
different eye movement conditions: Task-relevant eye movements were those in which a saccade was directed along the
same diagonal axis as that which the target and spatial cue
appeared and task-irrelevant eye movements were those in
which a saccade was directed along the diagonal axis orthogonal to the target and cue.

Forty-six participants took part in Experiment 1b (18 male). Age
ranged from 18 to 40 years (M ⫽ 22.29; SD ⫽ 5.93). Twenty
people participated in the fixation-assumed task, a further six took
part in the fixation-monitored task, and a further 20 in the saccadeexecution task. Nine participants were replaced, five for failing to
reach an above chance level of accuracy, and three for failing to
make the correct eye movement on a sufficient number of trials.
To ensure adequate power across both experiments simulations
(Brysbaert & Stevens, 2018) were run for both the fixationassumed and saccade-execution task using standard estimates
taken from a previous study (saccade congruency b ⫽ 1.01, cue
validity b ⫽ 0.81; Parker et al., 2020). The results of these
simulations confirmed that there was sufficient power (80%) for an
alpha level of .05 with a sample size of 20.

Participants

Trial Structure

Ethical procedures were approved by the local ethics committee
and all participants gave informed consent before participation. All
participants were from Macquarie University and participated in
return for course credit or renumeration. Participants had normal or
corrected to normal vision.

An identical cueing paradigm, adapted from (Montagna et al.,
2009), was used across all three tasks for both Experiment 1a and
1b (see Figure 2B). The first frame of the experiment displayed a
green fixation cross in the center of the screen and four luminance
placeholders (5.23° diameter) positioned 11.1° from the center of
the screen in the upper left, upper right, lower left and lower right
corners of the screen. In the tasks where gaze position was monitored with an eye tracker, to commence the trial fixation was
required on a central fixation cross while the space bar was
pressed. In the fixation-assumed condition, the trial commenced
once the space bar was pressed. The second frame displayed a
white central fixation cross for a variable duration. This duration
was drawn from an exponential function with a minimum duration

Experiment 1a
Forty-six participants took part in Experiment 1a (12 male). Age
ranged from 18 to 31 years (M ⫽ 19.98, SD ⫽ 2.75). There were
20 participants in the fixation-assumed task, a further six in the
fixation-monitored task, and a further 20 in the saccade-execution
task. Three participants were replaced, two for not making the
correct eye movement on a sufficient number of trials, and one for

Experiment 1b

Figure 2
Experimental Tasks and Trial Structure

Note. A: Diagram of experimental tasks for Experiment 1a and 1b. B: Trial structure for a valid trial for Experiment1a. Inset depicts an example of
discrimination targets from Experiment 1a and Experiment 1b, respectively. Note that the trial structure was identical across Experiments 1a and 1b with
the only difference being the discrimination targets. See the online article for the color version of this figure.
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of 350 ms and a maximum duration of 1,120 ms. If the duration of
the first frame exceeded 1,120 ms it was immediately terminated,
and participants were given the feedback “TIME OUT.” These
designated catch trials constituted 10% of all trials and were
designed to ensure participants had a flat hazard rate with respect
of the beginning of the trial (Ghose & Maunsell, 2002). If the
maximum duration was not exceeded, a tone played for 50 ms. In
the saccade-execution task this tone was the go-signal for participants to begin moving their eyes. This was immediately followed
by one of the placeholders illuminating for 50 ms. An offset was
then displayed for a further 50 ms and then two discrimination
stimuli (Gabor patch in Experiment 1a; Landolt square in Experiment 1b) were displayed for 50 ms. One stimulus was presented
in the same location as the cue and the other was presented in the
placeholder directly opposite it. After 150 ms, a response cue,
diagonally oriented line (1.1° in length), then indicate which
discrimination stimulus participants must respond to. In Experiment 1a, participants were required to indicate whether the Gabor
patch was horizontal or vertical by pressing “h” or “v.” In Experiment 1b, participants were required to indicate whether the top or
bottom side of a Landolt square contained a gap by pressing “up”
or “down.” A “valid” trial was one in which the to-be discriminated target appeared in the placeholder previously cued. An
“invalid” trial was where the discrimination target appeared in the
placeholder diagonally opposite the spatial cue. Participants had
3,000 ms to respond before the trial timed out. Participants were
given feedback “correct” or “incorrect” about their decision. For
Experiment 1a, discrimination targets were horizontal and vertical
Gabor patches (2.1° diameter) generated by modulating a sine
wave (1.6 cycles per degree) with a Gaussian envelope. Gabor
contrast was controlled by a QUEST staircase procedure adjusting
contrast to an 82% accurate threshold (Watson & Pelli, 1983). For
Experiment 1b, the discrimination targets were Landolt squares
(1° ⫻ 1°) with a small gap positioned in the top or bottom side of
the square. On 50% of trials both discrimination targets had the
same orientation or gap position, whereas on the remaining 50% of
trials they had the opposite orientation or gap position. Gap width
was controlled by the same QUEST staircase procedure and gap
location in the edge was jittered randomly.

trials, followed by 192 experimental trials. Pilot testing revealed
performance on the orientation discrimination task to be near
ceiling for this task, so we allowed two interleaved staircases to
continue to adjust contrast values throughout the experiment
proper. The staircase was blind to experimental condition. In the
fixation-monitored task, participants completed 32 practice trials,
followed by 192 trials of a staircase procedure. The outcome of the
staircase procedure in this task set the contrast level maintained
throughout the experiment proper which consisted of 320 trials.
The saccade-execution task followed a 2 ⫻ 2 ⫻ 2 nested
factorial design. There were two levels of eye movement relevance
(task-relevant eye movements vs. task irrelevant eye movements),
two levels of cue validity [valid v invalid] and two levels of
saccade congruency [congruent v incongruent]. Task-relevant trials were those where the saccade goal occurred along the same
diagonal as the cue and target, while task-irrelevant trials were
those where the saccade goal was along the orthogonal diagonal to
the cue and target. Levels of saccade congruency differed for
task-relevant and task-irrelevant trials. For task-relevant trials a
congruent trial was one in which the eye movement was directed
toward the target and incongruent trials was one in which the eye
movement was directed to the placeholder diagonally opposite the
target. For task-irrelevant trials, a congruent trial was one in which
the target appeared in the same horizontal visual field (left or right)
as the target and an incongruent trial was one where the target
appeared in the opposite horizontal visual field. As the taskirrelevant condition was included as a separate control condition,
we analyze these trials separately from task-relevant trials.
Instructions for the saccade-execution task was blocked such
that participants were told at the outset of a block whether to move
their eyes to the upper left, upper right, lower left, or lower right
placeholder upon the onset of the tone. The order of saccade
instruction was varied using a lattice square across every fourth
participant. Participants were instructed to move their eyes upon
the onset of the auditory tone and simultaneously report target
orientation. Participants completed 128 practice trials, followed by
256 trials of a QUEST staircase procedure. The experiment proper
consisted of 768 trials.

Apparatus

Task procedure and research design was identical in Experiment
1b with an exception to the fixation-assumed task. Unlike in
Experiment 1a, where the staircase procedure continued to adjust
contrast, in Experiment 1b there was a separate staircase procedure
that adjusted gap width to an 82% threshold. The outcome of this
procedure set the gap width that was maintained throughout the
experiment proper. This task, therefore consisted of 32 practice
trials, 192 staircase trials, and 320 experimental trials.

All tasks took place in a dark room on a LED monitor placed 85
cm from the front edge of the desk (120 Hz). Eye movements were
not monitored in the fixation-assumed condition and head position
was therefore not stabilized. In the fixation-monitored and
saccade-execution task, a SR Research Desktop Mount Eyelink
1000 eye tracker (sampling at 500 Hz) positioned on the table in
front of the display monitored the position of the participants right
eye throughout the task. The participants head was stabilized by a
chin and forehead rest positioned on the front edge of the desk.

Procedure and Design
Experiment 1a
In both fixation conditions, we had only one factor, cue-validity.
The discrimination target could be validly or invalidly cued. In the
fixation-assumed task, participants first completed 32 practice

Experiment 1b

Gaze Data Analysis
Eye movements were monitored both online and offline for the
fixation-monitored and saccade-execution tasks. Online monitoring ensured that participants maintained fixation throughout the
entire trial (fixation-monitored task) or until the onset of the
saccadic go-signal (saccade-execution task). In the fixationmonitored task, if a saccade of more than 1.45° from fixation was
detected the trial was terminated and repeated at the end of each
block. Only trials in which the eyes were at fixation until response
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were included in the final analysis. In the saccade-execution task,
a trial was correct with respect to the eye movement instruction if
the landing position of the saccade was within the instructed
placeholder. Offline analysis of gaze data was used to detect
saccade onset. To detect saccade onsets at each time point, raw
position data was smoothed with a Gaussian. The average of five
neighboring time points was then used to compute an average eye
velocity. Saccades were detected when eye velocity exceeded the
median velocity by more than five standard deviations for at least
8 ms (Engbert & Kliegl, 2003). Trials containing blinks and
incorrect eye movements were eliminated. Trials in which saccade
onset occurred before target offset were also excluded from analysis. Therefore, only trials in which the eyes were at fixation while
the target was onscreen were compared. Similarly, any trial where
saccade onset occurred more than 450 ms after target onset were
also excluded (Born et al., 2013; Castet et al., 2006; Moehler &
Fiehler, 2014, 2015, 2018).

Results
We present the results of all three tasks across both Experiment
1a and 1b together. In addition to our modeling analysis, we first
analyzed accuracy, RT and saccade latency (time between saccadic
go-signal and target onset). These manifest measures were analyzed in R using linear mixed effects modeling (Bates et al., 2015).
The reliability of each effect of interest was evaluated using an
incremental modeling approach in which goodness-of-fit statistics
(Akaike information criterion, Bayesian information criterion, and
log likelihood values; Akaike, 1974; Schwarz, 1978) were used to
determine which of the models best fit the data. This was done by
comparing a model that included an effect of interest to a model
that excluded the effect of interest. Only effects that significantly
improved the fit of the model were included. Any trial in which RT
exceeded 3 SDs of the participant’s mean were trimmed from the
analysis. Note that it is common in dual-task paradigms for investigators to examine how effects vary as a function of time between
saccade onset and target offset, as this was not central to our
hypotheses, we include an analysis by absolute time bin in online
supplementary materials.

Manifest Analysis
Experiment 1a
Fixation-Assumed.
Accuracy. The LMM incremental modeling procedure revealed the model of best fit to include a main effect of cue validity,
2(1) ⫽ 8.77, p ⫽ .003. Accuracy was higher when the cue was
valid (M ⫽ 0.84, SD ⫽ 0.05) relative to invalid (M ⫽ 0.80, SD ⫽
0.07; b ⫽ ⫺0.27, SE ⫽ 0.09, z ⫽ ⫺2.96, p ⫽ .003; see Figure 3A).
RT. An LMM including RTs as the dependent measure revealed the model of best to include a main effect of cue validity,
2(1) ⫽ 72.15, p ⬍ .001. RTs were faster when the cue was valid
(M ⫽ 962 ms, SD ⫽ 160 ms) relative to invalid (M ⫽ 1,073 ms,
SD ⫽ 177 ms; b ⫽ 111.84, SE ⫽ 13.08, t ⫽ 8.55).
Fixation-Monitored.
Accuracy. The LMM modeling approached found that the
inclusion of cue validity did not improve the overall fit of the
model, 2(1) ⫽ 2.06, p ⫽ .15. There was no evidence to suggest
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that accuracy differed whether the cue was valid (M ⫽ 0.92; SD ⫽
0.05) or invalid (M ⫽ 0.90, SD ⫽ 0.04). This is likely because
performance was close to ceiling for all participants.
RT. An LMM with RT as the dependent measure revealed that
the model of best fit included a main effect of cue validity, 2(1) ⫽
44.63, p ⬍ .001. RT was faster when the cue was valid (M ⫽ 767
ms, SD ⫽ 129 ms) relative to invalid (M ⫽ 841 ms, SD ⫽ 120 ms;
b ⫽ 73.75, SE ⫽ 10.96, t ⫽ 6.73).
Saccade-Execution. An overall LMM including both taskrelevant and irrelevant trials revealed the model of best fit to
include a two-way interaction between saccade congruency and
task-relevance. This was true for both accuracy and RT. This
interaction is unsurprising given that saccade congruency was
defined differently for task-relevant and task-irrelevant trials.
Given this, we analyzed task-relevant and irrelevant trials separately.
Task-Relevant Eye Movements.
Accuracy. The incremental modeling approach revealed the
model of best fit to include a main effect of both saccade congruency, 2(1) ⫽ 308.95, p ⬍ .001, and cue validity, 2(1) ⫽ 9.46,
p ⫽ .002. Accuracy was higher when the saccade goal and discrimination target were congruent (M ⫽ 0.91, SD ⫽ 0.07) relative
to incongruent (M ⫽ 0.74, SD ⫽ 0.12; b ⫽ ⫺1.33, SE ⫽ 0.08,
z ⫽ ⫺16.70, p ⬍ .001). Similarly, accuracy rates were higher
when the target was preceded by a valid (M ⫽ 0.84; SD ⫽ 0.12)
relative to invalid spatial cue (M ⫽ 0.81, SD ⫽ 0.14; b ⫽ ⫺0.23,
SE ⫽ 0.07, z ⫽ ⫺3.08, p ⫽ .002).
RT. An LMM with RT as the dependent measure revealed the
model of best fit to include both a main effect of saccade congruency, 2(1) ⫽ 341.94, p ⬍ .001, and cue validity, 2(1) ⫽ 13.33,
p ⬍ .001. RTs were faster when the saccade goal coincided with
the discrimination target (M ⫽ 919 ms, SD ⫽ 195 ms) relative to
when it did not (M ⫽ 1,040 ms, SD ⫽ 243 ms; b ⫽ 139.67, SE ⫽
7.34, t ⫽ 19.03). Similarly, RTs were faster when the target was
preceded by a valid (M ⫽ 975 ms; SD ⫽ 221 ms) compared to
invalid spatial cue (M ⫽ 985 ms, SD ⫽ 237 ms; b ⫽ 26.64, SE ⫽
7.29, t ⫽ 3.65).
Saccade Latency. An LMM with saccade latency as the dependent measure revealed the model of best fit to include an
interaction between saccade congruency and cue validity, 2(1) ⫽
55.81, p ⬍ .001. This interaction is best understood as a conflict
effect between saccade goal and spatial cue. That is, eye movements were slower to initiate when the saccade goal and spatial cue
were incongruent relative to congruent. We followed-up this interaction by fitting the saccade latency data with an LBA model
below.
Task-Irrelevant Eye Movements. Trials in which eye movements were directed along the axis orthogonal to the target and cue
were analyzed separately. Here congruency was defined as
whether the eye movement was directed to the same horizontal
vertical field as the target. This control was included to ensure that
the cueing effect evident across all other conditions was not the
result of task-relevant eye movements.
Accuracy. An LMM revealed the model of best fit to include
a main effect of validity only, 2(1) ⫽ 40.18, p ⬍ .001. Accuracy
was significantly higher when the target was preceded by a valid
spatial cue (M ⫽ 0.89, SD ⫽ 0.08) compared to when the cue was
invalid (M ⫽ 0.84, SD ⫽ 0.09; b ⫽ ⫺0.52, SE ⫽ 0.08, z ⫽ ⫺6.30,
p ⬍ .001).
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Figure 3
Experiment 1a and 1b Proportion Correct, Reaction Time and Saccade Latency

Note. Experiment 1a (A) proportion correct and (B) reaction time (RT; ms) for the fixation-assumed and fixation-monitored tasks, (C) proportion correct,
(D) RT (ms), and (E) saccade latency (ms) for the saccade-execution task. Experiment 1b (F) proportion correct and (G) RT (ms) for the fixation-assumed
and fixation-monitored tasks, (H) proportion correct (I) RT (ms) and (J) saccade latency (ms) for the saccade-execution task. Error bars are within subject
standard errors. See the online article for the color version of this figure.
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RT. The incremental modeling procedure confirmed that for
RTs the model of best fit included a main effect of cue validity
only, 2(1) ⫽ 62.52, p ⬍ .001. RTs were faster for valid (M ⫽
1,026 ms, SD ⫽ 250 ms) compared to invalid trials (M ⫽ 1,070
ms, SD ⫽ 248 ms, SD ⫽; b ⫽ 56.90, SE ⫽ 7.17, t ⫽ 7.94).
Saccade Latency. The LMM modeling procedure did not reveal any evidence to suggest that latencies differed by cue validity
or saccade congruency.
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Experiment 1b
Fixation-Assumed.
Accuracy. The model of best fit included a main effect of cue
validity, 2(1) ⫽ 65.77, p ⬍ .001. Accuracy was higher when the
target was preceded by a valid (M ⫽ 0.82, SD ⫽ 0.08) relative to
invalid spatial cue (M ⫽ 0.74, SD ⫽ 0.09; b ⫽ ⫺0.53, SE ⫽ 0.07,
z ⫽ ⫺8.05, p ⬍ .001; see Figure 3F).
RT. A LMM with RTs as the dependent measure revealed the
model of best fit to include a main effect of cue validity, 2(1) ⫽
196.12, p ⬍ .001. RTs were significantly faster on valid (M ⫽ 735
ms, SD ⫽ 108 ms) relative to invalid trials (M ⫽ 834 ms, SD ⫽
119 ms; b ⫽ 98.40, SE ⫽ 6.95, t ⫽ 14.16).
Fixation-Monitored.
Accuracy. The incremental modeling procedure revealed the
model of best fit to include a main effect of cue validity, 2(1) ⫽
10.75, p ⫽ .001. Accuracy was better when the cue was valid
(M ⫽ 0.84, SD ⫽ 0.08) compared to invalid (M ⫽ 0.78, SD ⫽
0.07; b ⫽ ⫺0.42, SE ⫽ 0.13, z ⫽ ⫺3.27, z ⫽ .001).
RT. The LMM of best fit included a main effect of cue
validity, 2(1) ⫽ 166.32, p ⬍ .001. Button press RTs were faster
when the cue was valid (M ⫽ 714 ms, SD ⫽ 58 ms) relative to
when it was invalid (M ⫽ 832 ms, SD ⫽ 73 ms; b ⫽ 122.74, SE ⫽
9.22, t ⫽ 13.31).
Saccade-Execution. Again, an overall LMM including all eye
movement trials revealed the model of best fit to include an
interaction between saccade congruency and task-relevance for
both accuracy and RTs. We therefore analyze task-relevant and
irrelevant trials separately.
Task-Relevant Eye Movements.
Accuracy. The incremental modeling approach revealed the
best fitting model to include a main effect of both saccade congruency, 2(1) ⫽ 932.63, p ⬍ .001 and cue validity, 2(1) ⫽
10.32, p ⬍ .001. Accuracy was higher when the saccade goal and
target were congruent (M ⫽ 0.92, SD ⫽ 0.07) compared to when
they were directly opposite (M ⫽ 0.58, SD ⫽ 0.11; b ⫽ ⫺2.17,
SE ⫽ 0.08, z ⫽ ⫺26.92, p ⬍ .001). Similarly, accuracy was also
higher when the cue was valid (M ⫽ 0.77, SD ⫽ 0.20) relative to
when it was invalid (M ⫽ 0.73, SD ⫽ 0.20; b ⫽ ⫺0.22, SE ⫽ 0.07,
z ⫽ ⫺3.21, p ⫽ .001).
RT. An LMM with RT as the dependent measure revealed the
model of best fit to include a main effect of saccade congruency,
2(1) ⫽ 356.68, p ⬍ .001; cue validity, 2(1) ⫽ 13.77, p ⬍ .001;
and an interaction between the two, 2(1) ⫽ 12.24, p ⬍ .001. Two
False Discovery Rate (FDR)-adjusted pairwise t tests revealed
there to be a significant cueing effect for congruent trials,
t(19) ⫽ ⫺4.57, p ⬍ .001 but no evidence of a difference between
valid and invalid cues when the saccade goal and target were
incongruent, t(19) ⫽ 0.538, p ⫽ .6.

179

Saccade Latency. An LMM with saccade latency as the dependent measure again revealed the model of best fit to include an
interaction between saccade congruency and cue validity only,
2(1) ⫽ ⫺126.50, p ⬍ .001. This interaction is best interpreted as
a conflict effect between cue location and saccade goal. When the
cue location and saccade goal are directly opposite each other
saccades take longer to initiate than when they are directly opposite. Again, we follow up this finding with LBA modeling.
Task-Irrelevant Eye Movement.
Accuracy. The LMM of best fit included a main effect of
cueing only, 2(1) ⫽ 82.27, p ⬍ .001. Accuracy was higher when
the target was preceded by a valid spatial cue (M ⫽ 0.79, SD ⫽
0.10) compared to an invalid spatial cue (M ⫽ 0.67, SD ⫽ 0.11;
b ⫽ ⫺0.59, SE ⫽ 0.07, z ⫽ ⫺9.00, p ⬍ .001).
RT. The incremental modeling procedure revealed the best
model of RT to include an effect of cue validity only, 2(1) ⫽
54.51, p ⬍ .001. RTs were faster for valid (M ⫽ 936 ms, SD ⫽ 294
ms) compared to invalid cue (M ⫽ 992 ms SD ⫽ 330 ms; b ⫽
56.42, SE ⫽ 7.64, t ⫽ 7.38).
Saccade Latency. Again, an LMM including saccade latency
for task-irrelevant eye movement trials failed to reveal an evidence
to suggest that latencies differed by saccade congruency or cue
validity.

LBA Analysis
Model Specification
To quantify the influence of orienting across each task and eye
movement manipulation, we fit the LBA to each participant’s data.
LBA models have one accumulator for each response, each with
potentially different parameter values. In Experiment 1a, for example,
there was an accumulator for horizontal targets and an accumulator
for vertical targets. Each accumulator possessed the following parameters: start point noise, representing the amount of evidence in each
accumulator at the beginning of a decision, assumed to follow a
uniform distribution with a range 0 to A ⱖ 0; drift rate, the rate at
which evidence toward a decision accumulates, assumed to be normally distributed with a mean of v and a standard deviation of sv (sv ⱖ
0); threshold, the amount of evidence necessary to trigger a response,
denoted by b (results reported in terms of the difference between the
top of the start point distribution and the response threshold, B ⫽ b –
A ⱖ 0); and a nondecision time parameter, Ter ⱖ 0, which we
assumed to be the same for both accumulators (Donkin et al., 2011;
Heathcote et al., 2002).
To describe LBA parameterization, a response accumulator
factor R was defined, with levels corresponding to the horizontal
and vertical accumulator, and an accumulator correspondence factor, C, denoting the “true” (matching) and “false” (mismatching)
accumulators for a particular stimulus. In Experiment 1a, for
example, if the target Gabor was vertical then the vertical accumulator is designated the “true” accumulator and the horizontal
“false.” In Experiment 1b if the target Landolt square had a gap in
the top side the “up” accumulator was designated “true” and the
down “false.” Above-chance performance requires a higher evidence accumulation rate for the true than false accumulator and
this is modeled by allowing v to vary with the correspondence
factor. The difference between the true and false accumulator rates
is a measure of the quality of information accumulation and the
main dependent measure by which we quantified the influence of
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spatial attention and saccade preparation across each task and
experiment. Response bias is modeled by allowing B to vary with
the response factor.
Separate models were fit for each task and then compared.
Across both Experiment 1a and 1b we specified the following
models. In the fixation-assumed and fixation-monitored tasks,
thresholds were allowed to vary by response (e.g., 1a: vertical/
horizontal, lb: up/down), whereas drift rate was allowed to vary by
cue validity and the correspondence factor. For the saccadeexecution task, we fit a model that included both task-relevant and
task-irrelevant eye movement conditions. Threshold was allowed
to vary by saccade instruction (upper left, upper right, lower left,
lower right) and response, while drift rate was allowed to vary by
cue validity, saccade congruency, task-relevance and correspondence. Across all tasks and experiments, the sv parameter was
allowed to vary with the correspondence factor (see Heathcote &
Love, 2012), and sv for the mismatching parameter was fixed at 1
to make the model identifiable (see Donkin et al., 2009). We
estimated a single value each A and Ter for all conditions.

Model Fit
Separate model fits to each participant’s data were obtained
using the maximum likelihood method. We used the optimization
(parameter search) method to obtain fits, fitting models with fewer
parameters and then use the best fitting parameters for the simple
models as starting points for the best fitting parameters of more
complicated models (Donkin et al., 2011). Graphical summaries
provided in the online supplementary materials confirmed that our
selected models captured the major trends in the data.

Parameter Estimates
Experiment 1a.
Thresholds. Threshold estimates were assessed using a LMM.
In the fixation-assumed and fixation-monitored tasks, there was no
effect of response on thresholds. In the eye movement condition,
thresholds were allowed to vary by saccade instruction. The incremental modeling procedure did not reveal any evidence to suggest
that including saccade instruction improved the fit of the model.
We then used the modeling procedure to compare threshold
estimates across all three tasks. Including an effect of task significantly improved the fit of the model, 2(2) ⫽ 39.19, p ⬍ .001.
Inspection of the standard estimates revealed that, relative to the
fixation-assumed task, thresholds were higher in both the fixationmonitored (b ⫽ 1.21, SE ⫽ 0.27, t ⫽ 4.46) and saccade-execution
tasks (1.66 vs. 2.40 vs. 2.53, respectively; b ⫽ 0.87, SE ⫽ 0.14,
t ⫽ 6.27; see Figure 4B).
Drift Rate. The quality of information accumulation, or the
difference between the true and false drift rate, was our main
measure by which to compare cueing effects across tasks as well
as to saccade congruency. To quantify these effects, we therefore
calculated a difference score between each accumulator (true vs.
false) for every subject, in every condition and across every task.
We first submitted these difference scores as the dependent measure of a LMM for each task individually. In the fixation-assumed
condition, the inclusion of a main effect of cue validity improved the
fit of the model, 2(1) ⫽ 5.56, p ⫽ .02. The same was true for the
fixation-monitored task, 2(1) ⫽ 4.11, p ⫽ .04. In the saccadeexecution task, the incremental modeling procedure revealed the best

fitting model to include an effect of saccade congruency, 2(1) ⫽
34.24, p ⬍ .001; cue validity, 2(1) ⫽ 15.39, p ⬍ .001; taskrelevance, 2(1) ⫽ 7.98, p ⫽ .005; and an interaction between
congruency and task-relevance, 2(1) ⫽ 51.10, p ⬍ .001.
As saccade congruency was defined differently in task-relevant
and irrelevant trials, we were primarily interested in the effect of
saccade congruency in relevant trials. Therefore, to compare the
cueing and saccade congruency effect, we considered task-relevant
trials only. To quantify the size of the cueing and saccade congruency effect we took the difference between the true and false drift
rate across each level of cue validity and saccade congruency. That
is, to calculate the magnitude of the cueing effect we computed the
difference between the true and false drift rate on valid versus
invalid trials. The results revealed the influence of saccade congruency (1.01) to be four times as large as the effect of cue validity
(0.22). A follow-up t test confirmed that this difference was
significant, t(19) ⫽ 6.60, p ⬍ .001 (see Figure 4A).
We then sought to compare how the validity effect varied by eye
movement condition. Using the same procedure described above
we extracted a single measure of the cue validity and submitted
this to a LMM with task as a factor. There was no evidence to
suggest that the magnitude of the cueing effect differed by task
(fixation-assumed 0.37 vs. fixation-monitored 0.39 vs. saccadeexecution 0.32; see Figure 4C).
Experiment 1b.
Thresholds. Again, there was no evidence to suggest that
thresholds varied by response (up or down) in the fixationassumed and fixation-monitored tasks. In the saccade-execution
task, there was also no evidence that thresholds differed by response or saccade instruction.
To compare thresholds across all three tasks we conducted the
incremental modeling procedure with threshold as the dependent
variable. The model of best fit included an effect of task, 2(2) ⫽
66.17, p ⬍ .001. Inspection of the standard estimates of this model
revealed that compared to the fixation-assumed task, thresholds were
significantly higher in the saccade-execution task (b ⫽ 1.48, SE ⫽
0.18, t ⫽ 8.17). There was no evidence to suggest that thresholds
varied between the fixation-assumed and fixation-monitored tasks
(b ⫽ 0.04, SE ⫽ 0.35, t ⫽ 0.12; fixation-assumed 1.88 vs. fixationmonitored 2.48 vs. saccade-execution 3.36; see Figure 4E).
Drift Rate. Again, the difference between the true and false
drift rate, or quality of accumulation was taken as our main
dependent measure. In the fixation-assumed task quality of drift
rate was found to vary by cue validity, 2(1) ⫽ 14.70, p ⬍ .001.
The same was true in the fixation-monitored task, 2(1) ⫽ 15.89,
p ⬍ .001. The incremental modeling procedure for the saccadeexecution task revealed the model of best fit to include a main
effect of saccade congruency, 2(1) ⫽ 39.61, p ⬍ .001; cue
validity, 2(1) ⫽ 12.29, p ⬍ .001; and task-relevance, 2(1) ⫽
5.68, p ⫽ .02; as well as a Saccade Congruency ⫻ Task Relevance
interaction, 2(1) ⫽ 100.22, p ⬍ .001.
Again, we compared the magnitude of the saccade congruency and
spatial cueing effects for task-relevant trials using the procedure
outlined for Experiment 1a. The influence of saccade congruency
(1.76) was revealed to be approximately five times larger than that of
the spatial cue (0.33). This difference was confirmed to be significant
by a follow-up t test, t(19) ⫽ 7.04, p ⬍ .001 (see Figure 4D).
Next, we compared the magnitude of the cueing effect across
each eye movement condition. The LMM procedure including the

ORIENTING AND ACUITY

181

This document is copyrighted by the American Psychological Association or one of its allied publishers.
This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.

Figure 4
Experiment 1a and 1b Parameter Estimates

Note. A: Experiment 1a magnitude of saccade congruency and spatial cueing effect on task-relevant trials; inset reveals that the magnitude of these two
effects significantly differed from each other. B: Threshold estimates for the fixation-assumed, fixation-monitored and saccade-execution tasks. C:
Magnitude of the cueing effect across the fixation-assumed, fixation-monitored and saccade-execution tasks. D: Experiment 1b magnitude of saccade and
spatial attention effects during task-relevant eye movements. Inset reveals that the magnitude of these two effects were significantly different. E:
Threshold estimates across all three eye movement tasks. F: Quality of drift rate across all three different eye movement tasks. See the online article for
the color version of this figure.

quality of drift rate as the dependent measure did not reveal any
evidence to suggest that the influence of cueing differed across
tasks. There was no evidence to suggest that rate differed across
tasks (fixation-assumed 0.61 vs. fixation-monitored 0.54 vs.
saccade-execution 0.41; see Figure 4F).

variances t tests revealed the magnitude of the saccade congruency
effect to be greater in Experiment 1b (1.76; t(28.35) ⫽ ⫺3.14, p ⫽
.008) compared to Experiment 1a (1.01). In contrast, there was no
evidence to suggest the magnitude of the cueing effect differed across
experiments (0.22 vs. 0.33), t(36.72) ⫽ ⫺1.02, p ⫽ .31 (see Figure 5).

Comparison of Estimates for Experiment 1a and 1b
As a final step we sought to assess whether the magnitude of the
saccade congruency and spatial cueing effects varied by perceptual
task (orientation discrimination in Experiment 1a and Landolt gap
detection in Experiment 1b). Two FDR adjusted Welch’s unequal

Saccade Latency LBA Analysis
For both experiments, inspection of saccade latencies revealed a
conflict effect between cue validity and saccade congruency for
trials where eye movements were made along the task-relevant
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Figure 5
Magnitude Comparisons Across Experiment 1a and 1b

nally opposite to each other (cue-incongruent) or whether they
were presented along the orthogonal diagonal axis (cueincongruent-irrelevant). We estimated a single value for all conditions of A and B and fixed sv ⫽ 1 to make the model identifiable.
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Model Fit
The maximum likelihood estimation software used in the analyses reported above does not allow for fitting a single accumulator,
so we moved to the more flexible DMC software (Heathcote et al.,
2019) which carries out estimation in a Bayesian manner. The
priors and the sampling procedure are outlined in the online
supplementary materials. Sampling occurred in two steps. First,
sampling was carried out separately for individual participants.
The results of this step were then used as starting points for the full
hierarchical model, whose results we report below. Model fit was
good as evidenced by observed and fitted cumulative distribution
function plots provided in the online supplementary materials.
Note. The magnitude of the saccade congruency effect in quality of drift
rate was greater for the Landolt gap detection task (Experiment 1b)
relative to the orientation discrimination task (Experiment 1a). There was
no difference in the size of the cueing effect in quality of drift rate across
experiments. See the online article for the color version of this figure.

axis. That is, latencies were slower when eye movements were
directed away from the cue relative to in the same direction as the
cue. This effect has been reported across a number of previous
studies (Hermans & Walker, 2012; Kuhn & Benson, 2007; Kuhn
& Kingstone, 2009) and is thought to be due to a bottleneck in the
saccade execution stage when there is a conflict between spatial
cue and saccade goal. That is, fitting the LBA model to saccade
latency data has shown that this conflict effect is best explained by
differences in the nondecision time, rather than the drift rate
parameter (Parker et al., 2020). In the present study, we model
saccade latency data to investigate further the nature of this taskrelevant conflict effect. We also compare this effect to that when
eye movements are prepared toward task-irrelevant locations.
We fit an LBA model to each participant’s saccade latency data
across both experiments. Each model had only a single accumulator corresponding to correct eye movements, as these were the
only trials included in our analysis. If the conflict effect is best
characterized as a type of bottleneck then we would expect the
conflict to be apparent in the nondecision time parameter of the
model, as this parameter measures the amount of time it takes to
encode a stimulus or make a motor response. If, however, the
effect is better characterized as a perceptual yoking between spatial attention and saccade preparation we would expect the conflict
to manifest in the drift rate parameter of the model. We assumed
that thresholds did not differ between cue-congruent and cueincongruent conditions as these were not presented across separate
blocks, so participants could not adjust their caution as a function
of cue-congruency.

Model Specification
Across both experiments we fit a model that allowed nondecision time (Ter) and mean drift rate (v) to vary with cue congruency.
That is, whether the cue and saccade goal coincided (cuecongruent) whether they were presented at the placeholder diago-

Parameter Estimates
We report parameter estimates as the posterior median with 95%
credible intervals given in square brackets. We tested the effects of
cue congruency using Bayesian p values (Klauer, 2010) to test
differences in parameters between conditions by tabulating differences between pairs of posterior parameter samples from the
cue-congruent and cue-incongruent conditions. For example, in a
comparison of congruent versus incongruent, the p values corresponded to the proportion of differences where congruent was
greater than incongruent (for Ter) or incongruent was greater than
congruent (for v).
Experiment 1a. Nondecision time was 0.04 s faster in the
congruent condition compared the incongruent condition (cue and
saccade goal diagonally opposite each other; 0.053 s [0.052, 0.054]
vs. 0.090 s [0.085, 0.094], p ⬍ .001). There was no evidence to
suggest that the mean drift rate between these two conditions
differed. Nondecision time was also 0.05 s faster in the congruent
condition compared to the incongruent-irrelevant condition (cue
and saccade goal on opposite diagonals; 0.053 s [0.052, 0.054] vs.
0.105 s [0.101, 0.109], p ⬍ .001) again there was no evidence to
suggest that mean drift rate between these two conditions. When
parameters were compared between the two incongruent locations
(task-relevant and task-irrelevant) there was no evidence to suggest that nondecision time differed, but rather there was a difference in drift rate. Drift rate was higher when the cue and saccade
goal were presented opposite each other along the same diagonal,
relative to the orthogonal diagonal (6.517 [6.360, 6.684] vs. 6.322
[6.165, 6.492], p ⬍ .001).
Experiment 1b. Nondecision time was found to be 0.03 s
faster in the congruent compared to incongruent conditions (cue
and saccade goal diagonally opposite to each other; 0.06 s [0.057,
0.063] vs. 0.092 s [0.088, 0.097], p ⬍ .001). There was no
difference in the mean drift rate between these two conditions. We
then compared parameters for the task-irrelevant axis. Non decision time was 0.03 s faster in the congruent condition compared to
the incongruent-irrelevant condition (0.06 s [0.057, 0.063] vs. 0.09
[0.086, 0.095], p ⬍ .001). Mean drift rate was also found to be
faster in the congruent condition relative to the incongruentirrelevant condition (6.247 [6.078, 6.422] vs. 5.920 [5.771, 6.083],
p ⬍ .001). Comparison between the two incongruent conditions
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revealed no evidence to suggest that nondecision time varied by
incongruent conditions, but mean drift rate, however, was higher in
the incongruent relevant condition compared to the incongruentirrelevant condition (6.618 [6.446, 6.789] vs. 5.92 [5.771, 6.083],
p ⬍ .001).
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Discussion
The aim of the current study was to use evidence accumulation
modeling to quantify the magnitude of the cueing and saccade
congruency effect across manipulations of gaze and task. Our
results supported three important findings. First, on dual-task trials
the effect of saccade congruency on the quality of evidence accumulation was greater than the contribution of spatial cueing, regardless of perceptual task. Second, when differences in response
caution were accounted for, the cueing effect was revealed to be of
a similar magnitude across all eye movement conditions. That is,
the influence of covert spatial attention on evidence quality did not
vary as a function of whether gaze was maintained at fixation,
prepared in the direction of task-relevant locations or prepared to
shift to task-irrelevant locations. Finally, although the magnitude
of the cueing effect did not vary by perceptual task, the influence
of saccade congruency did. The saccade congruency effect was
larger in magnitude in the Landolt gap-detection (acuity) task,
where the demand upon spatial acuity is greater, than in the
orientation discrimination task. Taken together this dissociable
pattern of results suggests that exogenous spatial attention and the
perceptual benefits associated with eye movement preparation (or
presaccadic attention) are mediated by distinct underlying mechanisms. Below, we discuss in turn each of these findings and their
implications.

Spatial Attention and Saccade Preparation Both
Independently Influence Performance
As predicted, and consistent with a growing number of studies
suggesting spatial attention can influence performance away from
the saccade goal (Born et al., 2013; Castet et al., 2006; Moehler &
Fiehler, 2014, 2015; Montagnini & Castet, 2007; Parker et al.,
2020), our results revealed a separable effect of both saccade
congruency and spatial cueing on dual-task performance and rates
of evidence accumulation. This was true for both orientation
discrimination and Landolt gap detection. As expected, there was
a large saccade congruency effect on task-relevant trials. This was
apparent in both manifest measures such as accuracy and RT and
also the drift rate parameter of the LBA model. Performance was
better and quality of evidence accumulation higher when eye
movements were directed toward the target, relative to diagonally
opposite the target (Deubel, 2008; Deubel & Schneider, 1996;
Deubel & Schneider, 2003; Hoffman & Subramaniam, 1995;
Shepherd et al., 1986). For task-irrelevant trials, performance did
not vary as a function of whether an eye movement was prepared
away from the target toward a placeholder in the same visual field
as the target (congruent) or away from the target toward a placeholder in the opposite visual field as the target (incongruent). This
finding is consistent with a number of studies that have found the
benefit of preparing a saccade not to be spatially distributed
(Deubel & Schneider, 1996; Kowler et al., 1995). A recent study,
however, suggested that the presaccadic benefit was only narrowly
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focused for structured visual fields, and spread dynamically in
unstructured displays (Szinte et al., 2019). It is therefore possible
that the narrow perceptual benefit of preparing an eye movement
may be, at least in part, due to the use of placeholders to define
saccade goals.
More interestingly, the results also revealed performance to be
modulated by cue validity. The influence of spatial cueing was
evident in both manifest measures and drift rate. Performance was
better and quality of evidence accumulation higher when the target
was preceded by a valid spatial cue relative to when it was
preceded by an invalid spatial cue. This was true regardless of
whether an eye movement was prepared to a task-relevant location,
toward or diagonally opposite the target, or a task irrelevant
location, along the diagonal orthogonal to the target and cue. These
findings are consistent with a growing number of studies reporting
an influence of spatial attention during the preparation of an eye
movement (Born et al., 2013; Castet et al., 2006; Deubel, 2008;
Moehler & Fiehler, 2014, 2015; Montagnini & Castet, 2007;
Parker et al., 2020). Importantly, we have extended these findings
by extracting a measure, the quality of information accumulation,
that can be used to quantify and compare the relative magnitude of
these two effects. In doing so our results revealed the magnitude of
these two effects to differ. For both orientation discrimination and
Landolt gap detection, the contribution of saccade congruency to
the quality of evidence accumulation was greater than the contribution of exogenous spatial cueing (orientation 1.01 vs. 0.22 and
Landolt gap 1.76 vs. 0.33, respectively). On task-relevant trials
specifically, where eye movements were directed toward the target
or diagonally opposite the target, the magnitude of the saccade
congruency effect was almost four times as large as the cueing
effect in Experiment 1a and five times as large in Experiment 1b.
This finding is consistent with the idea that spatial attention and
presaccadic attention are mediated by distinct underlying mechanisms.

Saccade Latencies Reveal Bottleneck
Saccade latencies, on the other hand, revealed a significant
interaction between cue validity and saccade congruency on taskrelevant trials. When the cue location and saccade goal coincided,
saccade latencies were fast; when however, these two locations
were incongruent, saccade latencies were much slower, a finding
that has previously been reported in the literature (Hermans &
Walker, 2012; Kuhn & Benson, 2007; Kuhn & Kingstone, 2009;
Parker et al., 2020). Previously, we reported that this effect, rather
than reflecting an obligatory coupling between spatial attention
and saccade preparation, reflected a bottleneck in the motor execution of the eye movement (Parker et al., 2020). That is, when the
cue location and saccade goal are incongruent there is a conflict
that must be resolved before a saccade can be executed. To
confirm that this was the case in the present study, we fit the LBA
model to each participant’s saccade latency data. Across both
experiments the conflict effect on task-relevant trials was best
explained by the nondecision parameter of the LBA model, rather
than the drift rate. As nondecision time quantifies the duration of
processes that occur outside the decision, such as the executing a
motor response, this finding is most consistent with a bottleneck
explanation.
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Latencies were also revealed to be slower when the spatial cue
and saccade goal were presented along an orthogonal diagonal to
the cue-target relative (task-irrelevant) to along the same diagonal
as the cue and target (task-relevant). LBA modeling revealed that
in contrast to task-relevant trials, this latency difference was explained by both nondecision time and drift rate. Drift rates were
higher when the saccade goal appeared along the same diagonal as
the target and cue (congruent or incongruent), relative to when it
appeared along the orthogonal diagonal. The target and distractor
always appeared along the same diagonal as the spatial cue. The
spatial cue, therefore, contained information about the upcoming
target location. That is, it allowed participants to narrow down
potential target locations from four to two. It is likely that this
drove the differences in drift rate between task-relevant and taskirrelevant saccade latencies. Importantly this was not the case for
the conflict effect apparent on task-relevant trials. Rather this
effect was best explained by differences in nondecision time, a
finding that is consistent with a saccadic bottleneck interpretation.

Magnitude of the Cueing Effect
Consistent with our second hypothesis, the magnitude of the
peripheral cueing effect was similar across all four eye movement
conditions. In fitting an evidence accumulation model to the data,
we were able to, for the first time, obtain estimates of both the
threshold and drift rate parameters. Across both experiments, the
results revealed that thresholds, not the quality of drift rates, vary
by eye movement task. Thresholds were highest for the saccadic
dual-task where participants were required to concurrently make
an eye movement and discriminate a perceptual target. Thresholds
were comparatively lower for both fixation conditions. Participants
responded more cautiously when required to complete two tasks
simultaneously, compared to a single discrimination task.
This finding is consistent with other studies that have found
dual-task conditions to increase response caution. In prospective
memory tasks, for example, response caution is higher when
participants are required to do an ongoing task, such as visual
target detection or lexical decision, and simultaneously remember
to do a task in the future, compared to when they are only required
to do the ongoing task. Once these differences in caution between
single and dual-task conditions are accounted for, however, there
is no difference in the rate of accumulation about the ongoing task
(Boag et al., 2019; Heathcote et al., 2015; Strickland et al., 2017;
Strickland et al., 2018; Strickland et al., 2019). Similarly, in the
present study, when differences in response caution between the
single and dual-task trials were accounted for the cueing effect was
revealed to be of a similar magnitude regardless of whether eye
gaze was at fixation or eye movements were prepared toward
relevant or irrelevant locations. This was true even for dual-task
trials, where there was a significant and measurable contribution of
saccade congruency to the quality of accumulation.
These results suggest that when differences in response caution
are accounted for, the preparation of an eye movement does not
modulate the contribution of exogenously oriented spatial attention
to performance. Regardless of whether the eyes are at fixation,
prepared toward a task-relevant location or prepared toward taskirrelevant locations, the magnitude of the cueing effect did not
vary. This was true even of trials where eye movements were made
to locations that were irrelevant to the target and cue location.

These results confirm that our findings cannot be driven by the
covert saccadic motor programs to task-relevant placeholders. We
take these findings as evidence that exogenous spatial attention
and saccade preparation are mediated by distinct underlying mechanisms.

Saccade Preparation Varies by Perceptual Task
Finally, consistent with our third hypothesis we found the contribution of saccade preparation to vary by perceptual task. Relative to orientation discrimination (1.01) there was a 75% increase
in the magnitude of the saccade congruency effect for Landolt gap
detection (1.76). The difference in the cueing effect across tasks, in
contrast was much smaller in absolute terms and not statistically
reliable (0.22 vs. 0.33). Detection of a small gap in a Landolt
square is known to require high spatial resolution for accurate
performance. As a consequence, the task is generally performed
best at central vision, with performance dropping sharply the
further in periphery the target is presented (Anstis, 1974; Montagna et al., 2009; Shiu & Pashler, 1995). Orientation discrimination, on the other hand, can be performed well with comparatively
lower spatial resolution and at more peripheral locations. The
influence of preparing a saccade is selectively modulated by
the degree to which the task places demands on foveal vision. The
contribution of spatial attention, on the other hand, which is not as
tightly associated with foveal vision, is unaffected by changes in
the spatial acuity demands of the task.
This finding is consistent with some recent studies conducted by
Li and colleagues (Li et al., 2016; Li et al., 2019). In this work, a
reverse correlation approach was used to establish that presaccadic
attention modulated perceptual performance by selectively enhancing the gains of high spatial frequency information and narrowing orientation tuning at the saccade goal. Importantly this
effect was not evident when spatial attention was shifted covertly.
These results led the authors to suggest that presaccadic attention
may operate by reshaping representations at the saccade target to
be more “fovea-like.”
Similarly studies have found that while presaccadic attention is
associated with a remapping of representations across the visual
field, the same type of remapping does not occur when spatial
attention is shifted covertly and the eyes remain at fixation (Casteau & Smith, 2019; Duhamel et al., 1992). Other research, however, has questioned this conclusion by finding that spatial attention is remapped ahead of an eye movement (Rolfs et al., 2011;
Szinte et al., 2018).
It is possible that differences in how spatial attention and presaccadic attention modulate representations drove differences between acuity tasks in the present experiment. This dissociable
pattern of results suggests that the mechanism underlying the
perceptual effects of preparing an eye movement may be distinct
from those associated with a shift in spatial attention.

Evidence for a Distinct Mechanism Account
A central debate in the vision literature concerns the extent to
which the presaccadic benefit of preparing an eye movement is
mediated by the same or a distinct mechanism than that responsible for a covert shift in attention (Klein, 1980; Rizzolatti et al.,
1987; Sheliga et al., 1994; Sheliga et al., 1995). Evidence for the
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first possibility has arisen from several studies that find manipulations in spatial attention to have no influence on performance
during the preparation of an eye movement (Deubel & Schneider,
1996; Deubel & Schneider, 2003; Hoffman & Subramaniam,
1995; Shepherd et al., 1986). Although further support has come
from neurophysiological studies that suggest that there is a large
degree of overlap in the neural networks that control eye movements, such as the frontal eye fields (FEF) or superior colliculus
(SC), and shifts in spatial attention (Beauchamp et al., 2001;
Corbetta et al., 1998; de Haan et al., 2008). Indeed, a number of
perturbation studies have found that stimulation of neurons within
the FEF and SC alike can also disrupt tasks that require spatial
attention. Results that have led many to conclude that the mechanism mediating oculomotor preparation may also be responsible
for orienting spatial attention (Cavanaugh & Wurtz, 2004; Grosbras & Paus, 2002; Moore & Fallah, 2001, 2004; Smith et al.,
2005).
More recent evidence, however, has called this conclusion into
question. Single cell studies, for example, have revealed that
neurons within the FEF are not heterogenous (Sato & Schall,
2003). That is, some neurons are found to be visual attention
specific, while others are selective for oculomotor responses and
others have both attentional and oculomotor properties. A finding
that makes it difficult to draw conclusions about the operation of
spatial attention or saccade preparation from perturbation studies.
The results in the current paper reveal a clear and consistent
dissociation between the effects of spatial attention and preparing
an eye movement on discrimination performance. These findings
directly challenge the view that spatial attention and saccade
preparation are mediated by the same underlying mechanism (Rizzolatti et al., 1987; Sheliga et al., 1994; Sheliga et al., 1995).
Instead our results are more consistent with a growing number of
studies that suggest spatial attention and presaccadic attention are
not only separable but mediated by independent mechanisms (Casteau & Smith, 2019; Hunt et al., 2019).
Neuropsychological studies, for example, have found evidence
to suggest that voluntary spatial attention may be dissociable from
presaccadic attention. Blangero and colleagues (2010), for example, reported that patients with optic ataxia, a deficit in reaching
toward visually guided goals, show normal presaccadic facilitation
on accurate saccade trials, but limited ability to shift attention
toward the location of a centrally presented arrow. Results that
suggest there is a dissociation in the mechanisms responsible for
covert shifts in attention and those that mediate the presaccadic
facilitation reported before an eye movement (see also Làdavas et
al., 1997). In a study that induced a similar manipulation with
healthy participants, visual attention was reported to shift to locations that fell outside the participants oculomotor range (Hanning
et al., 2019). Furthermore a number of studies have shown that the
benefit associated with preparing an eye movement is dissociable
to the actual physical landing position of the eye (Van der Stigchel
& de Vries, 2015; Wollenberg et al., 2018).
There is also a growing number of behavioral studies that now
suggest that spatial attention can influence performance away from
the goal of an upcoming eye movement (Born et al., 2013; DoréMazars et al., 2004; Moehler & Fiehler, 2014, 2015; Montagnini &
Castet, 2007; Parker et al., 2020). It is important to note, however,
that although we reported independent and dissociable influences
of peripherally cued spatial attention and eye movement prepara-
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tion, the majority of studies that do report a dissociation tend to
manipulate spatial attention endogenously. Indeed some studies
have found evidence to suggest that while endogenous spatial
attention does not depend upon eye movement preparation, exogenously cued spatial attention does (Casteau & Smith, 2019, 2020;
Smith et al., 2004; Smith & Schenk, 2012).
This previous research, however, did not use a computational
modeling approach and, as such, did not directly address the extent
to which voluntary spatial attention is modulated by the preparation of an eye movement after differences in response caution have
been parcelled out. Future studies should examine to what extent
spatial attention and saccade preparation are coupled using a range
of stimuli and manipulations of spatial attention.
Although the distinct mechanism account is our preferred explanation, another possibility is that our results reflect the operation of a single mechanisms allocating attention to two locations in
parallel. Indeed a number of studies do report that spatial attention
can be distributed to noncontiguous locations within a visual field
(Awh & Pashler, 2000; Müller et al., 2003) or to multiple saccade
goals (Baldauf & Deubel, 2008; Gersch et al., 2004; Gersch et al.,
2009; Rolfs et al., 2011). This interpretation, however, is difficult
to reconcile with the pattern of dissociation we report in the
present study. For example, it is unclear how a single-mechanism
account could accommodate the selective increase in the magnitude of the saccade preparation effect between the two perceptual
tasks. In contrast, if we assume that spatial attention and saccade
preparation are mediated by distinct underlying mechanisms this
finding can be easily accommodated.

Conclusion
The cueing paradigm is a common tool used to measure and
assess the influence of spatial attention to perception. Unfortunately, for researchers interested in understanding the relationship
between spatial attention and saccade preparation it has, until now,
not been possible to draw unambiguous conclusions about the
degree to which this effect is modulated by eye movements. In this
paper, we use evidence accumulation modeling to extract a direct
measure of spatial attention and saccade preparation that can be
used to compare orienting across blocked conditions and distinct
tasks. Once differences in response caution across tasks were
accounted for, the results revealed a dissociable contribution of
spatial attention and saccade preparation to perceptual performance. The magnitude of the peripheral cueing effect was found
not to be modulated by eye movement preparation or task demands. In contrast, the magnitude of the saccade congruency effect
not only differed in size to that of cueing, but also increased when
the task required higher spatial acuity. When taken together, these
results suggest that reflexive spatial attention and saccade preparation are mediated by two distinct underlying mechanisms.
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