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Aagten-Murphy D, Bays PM. Automatic and intentional influ-
ences on saccade landing. J Neurophysiol 118: 1105–1122, 2017. First
published May 24, 2017; doi:10.1152/jn.00141.2017.—Saccadic eye
movements enable us to rapidly direct our high-resolution fovea onto
relevant parts of the visual world. However, while we can intention-
ally select a location as a saccade target, the wider visual scene also
influences our executed movements. In the presence of multiple
objects, eye movements may be “captured” to the location of a
distractor object, or be biased toward the intermediate position be-
tween objects (the “global effect”). Here we examined how the
relative strengths of the global effect and visual object capture
changed with saccade latency, the separation between visual items and
stimulus contrast. Importantly, while many previous studies have
omitted giving observers explicit instructions, we instructed partici-
pants to either saccade to a specified target object or to the midpoint
between two stimuli. This allowed us to examine how their explicit
movement goal influenced the likelihood that their saccades termi-
nated at either the target, distractor, or intermediate locations. Using
a probabilistic mixture model, we found evidence that both visual
object capture and the global effect co-occurred at short latencies and
declined as latency increased. As object separation increased, capture
came to dominate the landing positions of fast saccades, with reduced
global effect. Using the mixture model fits, we dissociated the pro-
portion of unavoidably captured saccades to each location from those
intentionally directed to the task goal. From this we could extract the
time course of competition between automatic capture and intentional
targeting. We show that task instructions substantially altered the
distribution of saccade landing points, even at the shortest latencies.

NEW & NOTEWORTHY When making an eye movement to a
target location, the presence of a nearby distractor can cause the
saccade to unintentionally terminate at the distractor itself or the
average position in between stimuli. With probabilistic mixture mod-
els, we quantified how both unavoidable capture and goal-directed
targeting were influenced by changing the task and the target-distrac-
tor separation. Using this novel technique, we could extract the time
course over which automatic and intentional processes compete for
control of saccades.

global effect; target selection; top-down selection; oculomotor capture

SACCADES ARE RAPID, ballistic eye movements that facilitate our
ability to process information from our surroundings. By shift-
ing the target of our gaze to a new location, saccades allow us
to direct our high-resolution fovea to locations of interest for
fine-grained visual processing. Many of these eye movements
are automatic and reactionary, with our gaze shifting rapidly
toward a flashing light or an abruptly moving stimulus. These

unconscious responses make ecological sense, as they help
ensure that both our fovea and our attention can be directed to
potential threats as quickly as possible. As such, it is perhaps
unsurprising that the likely targets for saccadic eye movements
can be quite well predicted by the low-level properties of the
visual scene (Itti and Koch 2001; Serences and Yantis 2006;
Theeuwes 1994). However, at other times individuals view a
scene with specific aims or goals in mind. Rather than pas-
sively responding to visual saliency, here they actively inves-
tigate their visual environment and intentionally direct their
eye movements toward the task goal (if it is known) or toward
the regions within the scene thought most likely to contain the
task-relevant information (Bacon and Egeth 1994; Folk et al.
1992, 1994; Folk and Remington 1998; Serences and Yantis
2006).

For example, when searching for a friend on a crowded
street, an individual should direct their eye movements toward
the last location they saw their friend, rather than toward the
most salient features in the scene, to improve the chances of
finding them quickly. To achieve this intentional targeting, the
visual system exerts top-down control over the programming
of the eye movement (Serences and Yantis 2006; van Zoest et
al. 2004; Yantis 1993). This task-related signal is thought to
inhibit the automatic capture toward salient stimuli and boosts
neural activity corresponding to specific task-relevant loca-
tions, assisting in the attentional selection of these regions.
Here we explore the interactions between automatic and inten-
tional targeting and examine how the competition between
these processes changes, depending on both the proximity of
objects in the visual world and the delay (and hence available
processing time) before initiating the eye movement. To
achieve this, we manipulated the spatial separation between
visual objects and investigated how varying the goal location
with different task instructions influenced the distribution of
saccade landing positions in response to the sudden appearance
of two objects.

In sparse visual scenes, the sudden appearance of a visual
stimulus triggers a fast, accurate saccade toward its location
(Franconeri et al. 2004; Jonides and Yantis 1988; Yantis 1993).
This eye movement is typically considered to be automatic,
occurring without the observer’s explicit intention to move
their eyes, and requires intentional suppression if the individual
is to either maintain their fixation or to instead initiate a
saccade to another location (Theeuwes et al. 1998). Indeed,
even when individuals are specifically attempting an alterna-
tive eye movement, the sudden appearance of a distractor
stimulus will often instead capture their gaze to its location
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(Boot et al. 2005; Godijn and Theeuwes 2002; Irwin et al.
2000; Ludwig et al. 2008; Ludwig and Gilchrist 2003; Theeu-
wes et al. 1998, 1999; Wu and Remington 2003). While the
strength of this oculomotor capture can be modulated (e.g.,
with task instructions; Wu and Remington 2003), even with
strong manipulations it is difficult to fully eliminate the capture
toward abrupt onsets. These results point to a fundamental role
of low-level stimulus salience in causing stimulus capture and
suggest that neither top-down control nor changes to the
low-level properties of the stimuli can entirely extinguish the
stimulus-driven selection of a distractor as a potential saccade
target.

While the appearance of a single stimulus might lead to
oculomotor capture, when multiple stimuli appear simultane-
ously in close proximity, the landing position of the resulting
saccade is often biased toward an intermediate location be-
tween the stimuli. This spatial bias is known as “the global
effect” (Coren and Hoenig 1972; Findlay 1982). Interestingly,
the global effect has been found to occur even when the visual
stimuli are sufficiently differentiated so that the target and
distractor are unambiguous (Coren and Hoenig 1972; Findlay
1982; Jacobs 1987; Ottes et al. 1985; Van der Stigchel and
Nijboer 2013; Walker et al. 1997). This suggests that the effect
does not arise due to decision confusion in identifying the
target stimulus. Indeed, the prevalence of the global effect does
not vary as a function of target and distractor discriminability
(Jacobs 1987). Furthermore, even in tasks in which both
stimuli are potential targets [i.e., the participant must simply
saccade to either (STE) stimulus], the global effect is still
observed. However, manipulations of low-level properties of
the stimuli, which do not change the discriminability of the
target per se, such as manipulating their relative salience
(Deubel et al. 1984; Findlay 1982; Findlay et al. 1993), can
substantially modulate the proportion of global effect saccades
observed. These findings suggest that the global effect arises
from similarity in the visual properties of the stimuli, causing
competition in automatic target selection processes. These
effects have been modeled in terms of activity in the superior
colliculus (SC; Meeter et al. 2010; Trappenberg et al. 2001;
Viswanathan and Barton 2013).

The delay before participants initiate their eye movement is
also important. Indeed, the strongest biases in landing position
toward the average location have consistently been found for
shorter saccade latencies, while longer delays lead to increas-
ingly accurate eye movements (Chou et al. 1999; Coëffé and
O’Regan 1987; Edelman and Keller 1998; Eggert et al. 2002;
Findlay 1982; Godijn and Theeuwes 2002; Heeman et al. 2014;
Jacobs 1987; McSorley and Findlay 2003; Ottes et al. 1985;
Van der Stigchel and Nijboer 2011, 2013; Vitu et al. 2006). For
example, Ottes and colleagues (1985) demonstrated that, while
the most rapid subset of saccades exhibited a substantial global
effect, those in which the saccade was executed longer than
300 ms after the appearance of the stimuli were completely
accurate. This time course, in which only those saccades
initiated rapidly after stimulus appearance will reliably gener-
ate an averaging saccade, has been consistently observed
across different studies (Eggert et al. 2002; McSorley and
Findlay 2003) and has been attributed to the top-down effects
of goal-related selection influencing target selection (van Zoest
et al. 2004). This suggests that the global effect is a latency-

sensitive process originating from the automatic, exogenous
processing of abruptly appearing visible stimuli.

The relative separation between visual stimuli is another
critical factor in the generation of averaging saccades. For
stimuli appearing outside of the immediate 1.5° of visual angle
surrounding the current fixation (the “foveal dead zone”; Vitu
2008), the boundary between predominantly averaging sac-
cades and predominantly individualized saccades has been
consistently reported at target-distractor separations of 20–30°
in angular distance (Ottes et al. 1984; Van der Stigchel and
Nijboer 2011, 2013; Vitu 2008; Walker et al. 1997). For
example, Ottes and colleagues (1984) showed a distinct aver-
aging effect when two targets were separated by 30°, but
bimodal responses when they were separated by 90°. Similarly,
the work of Walker and colleagues (1997) suggested that only
distractors occurring within a strict �20° angular window
surrounding the target altered saccade amplitude. However,
some more recent studies have shown evidence of averaging
saccades occurring at larger separations (Arai et al. 2004; Van
der Stigchel et al. 2009, 2012; Van der Stigchel and Nijboer
2011). This raises the possibility that, rather than a strictly
defined window, the transition between accurate and averaging
saccades might be more gradual.

In one of the most detailed studies of the spatial range of the
global effect, Van der Stigchel and Nijboer (2013) examined a
variety of different target and distractor separations (between
12.5° and 55°). Rather than relying on the mean saccade
landing position, which can often conflate saccades errone-
ously directed to the distractor object with those targeting
the global location, they instead quantified the strength of the
global effect by comparing unimodal and bimodal fits to the
data. They found that only separations smaller than 45° were
better fit by a unimodal distribution, and, although they did
observe some averaging saccades beyond this range, they
concluded that the global effect does not occur beyond 55°
separation. However, their analyses did not allow for the
possibility that the observed saccade landing distribution in-
corporated a mixture of stimulus capture (to either the target or
distractor location) and averaging saccades. Additionally,
when two stimuli appear simultaneously, the average latency
of saccades increases as the separation between the stimuli
increases. This effect is known as the remote distractor effect
(RDE; Walker et al. 1997) and, since for the same spatial
separation the strength of the global effect decreases as saccade
latency increases, by analyzing their data irrespective of sac-
cade latency the true prevalence of the global effect at larger
separations may have been obscured.

The behavioral and neural evidence, both from human
(Chou et al. 1999) and animal studies (Dorris et al. 2007;
Edelman and Keller 1998; Glimcher and Sparks 1993; van
Opstal and van Gisbergen 1990) has broadly supported the idea
that the global effect occurs because potential saccade targets
are encoded as vectors within a neural population code (Tipper
et al. 1997). In this framework, competition between the vector
representing the target and that of the distractor drives both the
delays in saccade initiation and saccade averaging (Meeter et
al. 2010; Rizzolatti et al. 1987; Sheliga et al. 1995; Trappen-
berg et al. 2001). The slowing of saccadic reaction times due to
the presence of a distractor (RDE) arises from the visible
stimuli mutually inhibiting each other, slowing the overall rate
at which activity accumulates toward the threshold of move-
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ment initiation. When these stimuli are sufficiently close,
instead of inhibiting one another, they are instead treated as a
single activation. While this release from inhibition allows
saccades to be initiated more rapidly, it also results in a bias of
the executed saccades toward the average (global effect) loca-
tion. These populations have been postulated to reside within
the SC (Glimcher and Sparks 1993), an area where signals
from multiple brain regions including the parietal eye fields,
frontal eye fields, and sensory areas are integrated (Moscho-
vakis et al. 1996; Proudlock and Gottlob 2007).

However, the existence of the long-distance lateral inhibi-
tory connections required by neural models of SC is debated
(Arai et al. 2004; Isa and Hall 2009; Lee and Hall 2006;
Marino et al. 2015). This has led researchers to question
whether saccadic behavior truly results from simple population
codes in SC, or if it is better explained by interactions between
low-level oculomotor processes and decision-making pro-
cesses emerging from other areas (Christie et al. 2015). Al-
though electrical stimulation of the SC has been shown to elicit
saccades to the corresponding spatial location, stimulation of
multiple locations simultaneously results in averaging saccades
to the intermediate location (Glimcher and Sparks 1993).
Interestingly, as noted by Christie and colleagues (2015), this
averaging in response to stimulation occurred for separations
that far exceeded the spatial window in which behavioral
averaging is typically observed. Coupled with their own find-
ings, in which they examined the influence of spatially specific
priming on saccadic reaction times, this led them to suggest
that the transition from averaging saccades to stimulus-specific
saccades may not occur in SC. Instead they propose that the
average location is always the dominant activity on the saccade
map, and the tendency to saccade accurately at larger separa-
tions occurs due to the influence of “high-level decision mak-
ing processes” (see p. 1548 in Christie et al. 2015) as partici-
pants attempt to fulfil their assigned task (i.e., selecting a
specific target for their eye movement).

Alternatively, while their priming paradigm may have func-
tioned as a good probe for the effects of stimulus activity in
SC, the presence of the priming stimuli may have led to
inhibition of these locations as potential motor goals. Using an
anti-saccade task, Viswanathan and Barton (2013) have previ-
ously demonstrated that global effects were elicited by distrac-
tors that were positioned close to the task goal, and not by the
stimulus location per se. Based on this, they suggested that the
global effect occurs because of interactions between competing
movement goals without necessarily influencing stimulus lo-
calization. When comparing saccades of similar latency, they
found that anti-saccades elicited a stronger global effect, with
this difference consistent with the idea that the lower activity at
the saccade goal during anti-saccades (Everling et al. 1999)
results in a greater relative influence of the distractor. As, in
such a task, the intermediate position between physical stimuli
is located far from the intermediate position between the
inferred goal location and the distractor, these results suggest
that this activity must incorporate top-down knowledge of the
task. Applied to the results of Christie and colleagues (2015),
the inhibition of the prime locations as potential goal locations
(to prevent automatic saccades until the appearance of the go
stimulus) could have resulted in the broad, separation-invariant
reduction in saccadic reaction times that they observed.

The influence of saccade latency on the frequency of aver-
aging saccades is typically thought to represent an increased
role of top-down selection of the task-goal as the delay before
movement initiation increases (van Zoest et al. 2004, 2012).
Thus, while low-latency saccades are thought to reveal com-
petition occurring between ascending sensory information,
those initiated later are dominated by the influence of inten-
tional, top-down selection of the goal location. This makes task
instructions critical, as they directly affect the intentional
selection of the movement goal. Indeed, previous studies have
demonstrated that simply emphasizing to participants the re-
quirement to make a highly accurate eye movement reduces the
likelihood of making saccades to the global effect location
(Coren and Hoenig 1972; Findlay 1982; Findlay and Kapoula
1992). Both paradigms in which participants must saccade to a
target stimulus (STT) in the presence of a clearly differentiated
distractor stimulus, and those in which participants are shown
two potential targets stimuli and are instructed to saccade to
either (STE), have been found to result in a considerable global
effect (Van der Stigchel and Nijboer 2011), although the
task-related processes that would occur in such a task would
arguably differ substantially.

Despite this important role of task instructions, a frequently
used alternative paradigm, ostensibly to eliminate the influence
of top-down selection, is to present two identical stimuli and to
give the participants ambiguous instructions as to what is the
task goal (i.e., “participants were instructed to move their eyes
as fast as possible to the stimuli presented”; see p. 31 in
Heeman et al. 2014). In this task, which we will term saccade
to ambiguous (STA), the task instructions are deliberately
vague as to what is the explicit task goal. Typically, these
studies report a stronger global effect and argue that, in the
absence of top-down control, saccades predominantly land at
the midpoint of the stimuli, as this is the “default” behavior
(e.g., Silvis and Van der Stigchel 2014). However, the absence
of explicit instructions about the task goal does not prevent
participants from inferring what they think is required of them,
and, when unsure where to look, executing an eye movement
to the midpoint (bringing both stimuli closer to the fovea) is
indeed a valid strategy. To dissociate the task goal from eye
movements to either location, we developed a novel task in
which participants are required either to deliberately saccade to
a target stimulus or to the intermediate location in between
stimuli. By comparing the tasks, we could then assess how
intentional selection alters the distribution of saccade landing
positions.

We aimed to investigate how the spatial separation between
two targets influences both the speed at which saccades are
initiated, and the tendency to execute saccades to the average
location. We examined saccades toward a target stimulus in
the presence of a distractor separated by up to 75°. We
quantified the frequency of executing an averaging global
effect saccade under these different conditions by fitting the
data with probabilistic mixture models and, through exam-
ination of several different variations of the models, deter-
mining which components were necessary to fit the observed
saccade landing distributions for each of our different con-
ditions. This approach enabled us to make very sensitive
estimates of the proportion of saccades captured toward
either the target, distractor, or intermediate location. Addi-
tionally, we sought to explicitly examine the influence of
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task instructions by varying whether participants were in-
structed to saccade to the target location or to the interme-
diate location between the two stimuli. This additional
manipulation revealed the interactions across time between
automatic stimulus capture, the global effect, and intentional
top-down selection.

EXPERIMENT 1

In the first experiment, we investigated how different target-
distractor separations influence the prevalence of the global
effect, and how this relationship changes with the latency of
the saccade. Additionally, in separate blocks, we varied the
instructions to participants, asking them to execute a saccade
either to the target object (defined by color) or to the interme-
diate position between the two objects. This manipulation
enabled us to examine the proportion of saccades unavoidably
directed toward the target, distractor, or intermediate location,
regardless of which was the task-goal location. By contrasting
the landing distributions for the same separation across the two
tasks, we additionally quantified the role of top-down pro-
cesses in determining saccade targets.

Methods

Participants. Eight naive individuals (20–29 yr old; 2 male)
took part in the experiment. All participants had normal or
corrected-to-normal visual acuity. Informed consent was ob-
tained before the study in accordance with the guidelines of the
Helsinki Declaration, and the protocol was approved by the
Cambridge Psychology Research Ethics Committee.

Apparatus. Participants were seated comfortably, with their
head stabilized by a chin rest, within a black felt-clad housing
that extended from the monitor to behind the participant’s
head. This eliminated peripheral distractions and ensured that
only the testing monitor was visible to them. Participants
viewed the experiment on a 21-in. linearized CRT monitor
operating at 85 Hz and viewed at 60 cm. Eye movements were
monitored by measuring each participant’s right eye using an
infrared video-based eye tracker (Eyelink 1000 Desktop Sys-
tem; SR Research), operating at 1,000 Hz.

Stimuli and procedure. The experiment consisted of two
separate tasks which differed only in the instructions given to
the participants (Fig. 1). In the two task conditions, the instruc-
tions were to either “move your eyes as fast as possible to the
object that matches the same color as the fixation object”

Fig. 1. Procedure for the two different tasks. The procedure for the saccade to target (STT; A) and saccade to middle (STM; B) tasks are shown. Participants were
required to maintain fixation until the disappearance of the fixation stimulus, at which stage they executed an eye movement as rapidly as possible to the task
goal location. Immediately afterwards, they were required to indicate the goal location with the computer mouse. They were then given feedback regarding the
magnitude (but not the angle) of their saccade (to discourage participants undershooting the goal location) and the latency of their saccade (with participants
instructed to aim for 200 ms or faster) and were shown the location of their perceptual response in relation to the target and distractor. C: a close-up view of
the stimuli, with the different contrast modifications used in experiment 2.
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(STT), or “move your eyes as fast as possible to the point in
between the two objects” (saccade to middle; STM). The
stimuli and experimental procedure remained identical be-
tween the two tasks, with the participant simply instructed to
ignore the colors of the fixation and stimuli during the STM
task. The order of tasks was counterbalanced across partici-
pants, and the experiment was organized so that participants
completed all of the blocks of one task before beginning the
second task. All of the blocks for each task were completed
within a single day, with a separation of at least 1 day before
participants began the blocks of the other task.

Each trial began with the appearance of a white-colored
stimulus in the center of the display (Fig. 1). After 200 ms of
steady fixation, the experimental trial began, and the color of
the stimulus changed to the target color. After 1,500–2,000 ms,
two peripheral stimuli appeared at 8° in the periphery, and the
fixation stimulus disappeared. This disappearance was the cue
for the participants to move their gaze as rapidly as possible to
the goal location. The separation between target and distractor
was either 15, 30, 45, 60, or 75° for both tasks, with an
additional single target (no distractor) condition in the STT
task. The angle at which the stimuli appeared was randomized,
and, in conditions in which there was a target stimulus, the
distractor could appear either clockwise or counterclockwise
from the target stimulus. The online onset of the saccade was
determined using both a spatial (�1.5° from display center)
and a velocity (�30°/s) criterion, while the online offset
was determined when velocity dropped �30°/s. On detec-
tion of the saccade onset, the stimuli were extinguished,
and, once the saccade offset was detected, a response bar
extending from the fixation to 10° in the periphery appeared.
The angle of the bar was initially random, but participants
could manipulate its position via the mouse cursor to indi-
cate the location of the task goal. This meant that, after
making their eye movement (and regardless of the accuracy
of their eye movement), participants were required to give an
additional perceptual response about the location of the task
goal. This allowed us to examine whether perceptual localiza-
tion of the goal location also varied when eye movements were
directed toward nongoal locations.

Following this response, participants were given feedback
about the accuracy of their perceptual response and the appro-
priateness of their saccade. Importantly, no feedback was given
regarding the accuracy of the eye movement relative to the
goal. Instead, the feedback informed them about the magnit-
ude of their saccade, to prevent excessive undershooting (as the
error in saccade angle scales with eccentricity), as well as the
duration of the delay from when the stimuli appeared to when
they initiated their saccade. Participants were instructed to
attempt to initiate their eye movement within 200 ms of the
fixation disappearing and to monitor the feedback about their
saccade eccentricity to ensure they moved fully toward their
intended location on each trial (and did not make progressively
shorter saccades as they fatigued). This feedback, about both
their saccade eccentricity and latency, encouraged participants
to continue to make both accurate and rapid eye movements
throughout the entire experiment. Additionally, the location
of their perceptual response, as well as the presented location
of the target and distractor, was shown. After a short delay, a
white fixation object reappeared at the screen center, and the

next trial was initiated once participants had maintained their
fixation at that location for more than 500 ms.

The colors of target and distractor objects were drawn
without replacement from four different color values. These
were defined in LCH (lightness chroma hue) color space with
a luminance of 50, chromaticity of 50, and hue varying to
generate red (25), blue (280), green (170), and yellow (100)
colors. Stimuli themselves consisted of posterized white noise
(split into 3 tones) with a medium contrast level (RMS: 33%)
surrounded by a colored outer ring with a central colored dot
(Fig. 1A). The stimuli were designed so the overall saliency
of each stimulus could be varied by manipulating the con-
trast of the internal noise patch, while the color identity of
the stimulus (defined by the ring and central dot) would
remain discriminable.

Each session started with a custom 13-point calibration
procedure consisting of concentric circles. At the start of each
trial, there was a strict fixation check to ensure that eye position
was still being accurately recorded. If this initial fixation check
failed, the experimenter could initiate either a drift correction
or recalibration procedure. Trials were randomized such that,
for each separation tested, there was an equal distribution of all
possible color pairs in each block. Trials were automatically
repeated within each block if the participant broke fixation (any
deviation from a 1.5° window around the fixation dot or
movements exceeding 30°/s) before it was time to make the
response saccade, initiated their saccade too fast (i.e., before
the fixation disappeared) or too slow (i.e., more than 400 ms
after fixation disappeared), made a saccade less than one-half
the distance between the fixation object and the stimuli (i.e.,
�4°), or if they blinked during the trial at any time before they
had completed their response saccade. These criteria, and the
automatic repetition of failed trials, ensured that there would be
an approximately equal number of valid trials in all conditions
available for analysis.

Each task was tested separately, on different days, during a
90-min session in which 10 blocks were completed for each
task. Each block lasted approximately 8 min, and participants
were encouraged to take a small pause between blocks. At the
beginning of each block, participants were verbally reminded
of the experimental task to ensure that they were always aware
of their movement goal location.

Data preprocessing. In addition to errors detected online, we
performed a more precise offline analysis to ensure the inclu-
sion criteria were met. In the offline analyses, saccades were
detected based on their velocity distribution (Engbert and
Mergenthaler 2006) using a moving average over 20 subse-
quent eye position samples. Saccade onset was detected when
the velocity exceeded the median of the moving average by 3
SDs for at least 20 ms. This enabled us to compute more
accurate offline times of saccade onset, offset, and landing and
to exclude any additional trials that, despite passing the online
analysis, did not meet inclusion criteria when the eye move-
ment was analyzed in more detail. After this additional offline
filtering, we were left with an average of 565 trials (94%) in the
STM task and 683 trials (95%) in the STT task (which included
the no distractor condition). This meant that, for both tasks,
each of the different target-distractor separation conditions had
~113 trials available for analysis per participant.

Modeling: target, distractor, and intermediate locations. To
separate the proportion of saccades that were directed toward
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the target, intermediate, or distractor locations, we fit the data
with a probabilistic mixture model, using a maximum likeli-
hood procedure (fmincon function of the statistics toolbox in
MATLAB; The MathWorks, Natick, MA). Throughout the
paper, the goal location will refer to the intended saccade goal.
In the STT task, in which there was a clear distinction between
the target and distractor stimulus, the target stimulus was also
the goal location, whereas, in the STM task, both stimuli
together indicated the goal without being located at the goal
location themselves. Nonetheless, to provide consistency of
analysis between the two conditions, we maintained the assign-
ment of target and distractor categories in the STM task, and
used these categories for modeling and statistical comparison
purposes.

The full model (illustrated in Fig. 2) consisted of a mixture
of Gaussian components centered on the target, distractor, and
intermediate locations, described as follows:

p(x) � wtar�(x;�tar, �tar) � wint�(x;�int, �int)
� wdis�(x;�dis, �dis) (1)

where x is the saccade end point angle from the origin, w is
weight, and � (x; �, �) is the normal probability density
function with mean � and standard deviation �. Here the
distribution of saccade landing positions can be described as
the probabilistic mixture of saccades targeting either the target
(tar), distractor (dis), or intermediate (int) location. The target
and distractor components (�tar and �dis) were centered on the
actual locations at which the stimuli occurred, whereas the
intermediate component (�int) was centered on the midpoint
between them,

�int �
�dis � �tar

2
(2)

Rather than fitting �tar, �dis, and �int as free parameters, we
fit just two parameters, � and �. The width of target and
distractor components were set equal to each other and to the
� parameter,

�tar � �dis � � (3)

whereas the width of the intermediate component was defined
in terms of �, a ratio of the target-distractor separation, such
that as the distance between the stimuli increased the width of
the intermediate component also increased,

�int � �	�dis 
 �tar	 (4)

Prior exploratory analyses supported this relationship. The
parameters � and � were shared across all target-distractor
separations and both tasks. The resulting parameter estimates
provided a close match to those found when each target-
distractor separation and task was independently fit.

To determine the necessity of each of the components (e.g.,
whether the data could be explained just as well at some
separations without the global effect), we derived two simpler
variants of the model, which consisted of either a single
component centered on the intermediate location (global effect
only; Eq. 5), or two components centered on the target and
distractor (stimulus capture only; Eq. 6).

p(x) � wint�(x;�int, �int) (5)

p(x) � wtar�(x;�tar, �tar) � wdis�(x;�dis, �dis) (6)

We fit each of these different models to the participants’ data
and computed the AICc (Akaike Information Criterion with
correction for finite data). The AICc is a means for evaluating
the appropriateness of different models (which may differ in
their number of free parameters) for a given data set. Impor-
tantly, this method is based on the likelihood of the fits and
encompasses a penalty based on their number of free param-
eters, meaning that, for a more complicated model to be more
likely (i.e., to have a lower AICc), it must explain more of the
variance to make up for its additional parameters. To determ-
ine whether the full model was necessary, we expressed these
scores as �AICc relative to the full model. This allows the
differences between the full model and the alternative, simpler
models to be clearly expressed. If an alternative model could
describe the data better than the full model, then it would have
a �AICc score below 0. Thus the �AICc allows us to examine
the quality of models with different numbers of parameters to
determine which is the best descriptor of the data. To quantify
changes in the weights for the target, distractor, and interme-
diate components across time, or across different angular
separations, we examined the average slope across subjects of
a regression line fit through the weights. This average slope
was then tested against zero to determine whether there was a
significant trend across time. Additionally, to aid comparisons,
we defined “short-latency-saccades” as those occurring less
than 200 ms after stimulus onset.

Modeling: stimulus capture, global effect, and task goal. To
decompose the data into automatic and intentional compo-
nents, we compared the weights obtained from the full model

Fig. 2. Probabilistic mixture model. The data show a histogram of saccade landing end-point distributions for fictitious data on the STT task with a target and
distractor separation of 45°. The target, distractor, and intermediate locations are shown by red, blue, and green symbols, respectively, while the task goal (here
“saccade to target”) is indicated by the orange triangle. The general formula for the full model is shown with a diagram of the corresponding Gaussian distribution
shown above each component. The sum of the Gaussians is shown in purple. Each component consists of a weight, determining its relative strength in the mixture,
a fixed parameter for the Gaussian’s center (target, intermediate, or distractor), and a parameter for the width of the distribution. We additionally examined
simpler variations of the model in which we selectively eliminated different components to test their necessity for accurately describing the data.
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across the two tasks. For clarity, these new combined weights
will be referenced with a capital “W,” while the weights found
within tasks will remain a lowercase “w” with the additional
superscript indicating from which task they originate.

We first computed the influence of the task goal by taking
the mean of the difference between the target weights in STT
and STM task and the intermediate weights in the STM and
STT task (Eq. 7). This determines the mean change in the
probability of landing at a given location when it is vs. is not
the task goal,

Wgoal �
(wtar

STT 
 wtar
STM) � (wint

STM 
 wint
STT)

2
(7)

We then computed the mean weight of unavoidable capture
toward the global effect location across both tasks by averaging
the intermediate component weight in the STT task with the
intermediate component weight in the STM task, less the
newly derived weight of the task goal,

Wglobal �
wint

STT � (wint
STM 
 Wgoal)

2
(8)

The mean weight of unavoidable capture toward the distrac-
tor location was simply the average of the distractor component
in both tasks,

Wdis �
wdis

STT � wdis
STM

2
(9)

The average weight of the capture toward the target location
was the average of the target weight in the STT task, minus the
newly derived weight of the task goal, and the weight of the
target in the STM task,

Wtar �
(wtar

STT 
 Wgoal) � wtar
STM

2
(10)

Together, the newly derived mean weights for target and
distractor then sum to give the weight of capture toward
stimulus locations,

Wstim � Wdis � Wtar (11)

The weights defined in this way sum to 1,

Wstim � Wglobal � Wgoal � 1 (12)

Changes in the weights across time were quantified by
finding the average slope across subjects of a line fit through
the weights across time. This average slope was then tested
against zero to determine whether there was a significant trend
across time.

Results and Discussion

Saccade latency. The different saccadic latencies for the two
tasks and different angles of separation are shown in Fig. 3A,
with red indicating the STT task, and green the STM task. The
saccade latency for each participant was normalized to their
median saccade latency at 15° target-distractor separation
across both tasks. We normalized to the smallest separation, as
opposed to the no distractor condition, to examine whether the
saccade latency with two targets separated by 15° was different
than the saccade latency with a single stimulus (Fig. 3).

To examine whether the addition of a second stimulus
influenced the saccade latency, we compared the 15° target-
distractor separation condition for both tasks with the no
distractor condition. We found that there was no difference in
the saccade latency for either the STT [P � 0.60; t(7) � 0.54]
or the STM [P � 0.93; t(7) � 0.09] tasks, suggesting that a 15°
separation between the target and distractor was insufficient to
induce a RDE. Furthermore, this also demonstrated that the
mere presence of an additional stimulus did not alter median
saccade latency. Additionally, we found no difference at 15°
target-distractor separation between the two tasks [P � 0.65;
t(7) � 0.47]. However, as target-distractor separation in-
creased, there was a significant linear trend with larger sepa-
rations, resulting in a longer delay on average before saccade
initiation for both tasks [slope: STT, 0.21 � 0.10; P � 0.001;
t(7) � 5.89; STM, 0.31 � 0.18; P � 0.002; t(7) � 4.96] as
shown in Fig. 3A. This trend was not accompanied by chan-
ges in the intercept of the linear fit [STT � �2.65 � 4.84;
P � 0.17; t(7) � 1.55; STM � �6.03 � 7.65; P � 0.61;
t(7) � 2.23].

Fig. 3. Saccade latency for the different tasks and target-distractor separations. A: the changes in saccade latency between the two tasks as the target-distractor
separation increased. Here saccade latency was expressed as the relative difference between the median saccade latency at a 15° separation across both tasks per
subject, with the data showing the mean differences with SE. The shaded region indicates the 95% confidence intervals for a linear fit. B: the median saccade
latency for each of the subjects (SUB 1�8) on both tasks. Here a strong correlation between the times in both tasks is evident, demonstrating that the time to
initiate their saccade is closely related in both tasks. Additionally, the trend for larger separations to have slower saccade latency is evident within individual
subjects’ data, with the distance from the origin increasing as target-distractor separation increases.
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There were no significant differences between either the
slope [Fig. 3B; P � 0.21; t(7) � 1.38] or the intercept
[�3.38 � 12.17; P � 0.46; t(7) � 0.78] of the linear regres-
sion parameters across the different tasks. This suggests that
the size of the RDE depended on the separation between the
two stimuli, regardless of the participants’ task and status of
the additional stimulus as a distractor. Finally, there was a
significant mean correlation between participants’ latency on
the STT task and their latency on the STM task [r � 0.76 �
0.23; P � 0.001; t(7) � 9.23] with on average 58% of the
variance in saccade latency shared between the two tasks
(Fig. 3B).

Mouse responses. For all of the different target-distractor
separations, the mouse responses were exceptionally accurate
for both tasks. Indeed, 94.5 � 9.7% of mouse responses were
directed toward the task goal (i.e., within �25% of the sepa-
ration, corresponding to 0 � 15° for a 60° separation in the
STT task). In contrast, only 55.9 � 19.2% of saccades were on
average directed toward the task goal, by this same criterion.
Even though more rapidly initiated saccades resulted in par-
ticipants seeing the stimuli for less time before the eye move-
ment, there were no notable correlations between accuracy in
the perceptual task and saccade latency (P � 0.05). This
suggests that even the most rapidly initiated saccades allowed
for sufficient visual processing for participants to correctly
locate the goal location.

Saccadic landing positions. We quantified the accuracy of
saccadic eye movements by examining the distribution of
saccade landing positions relative to the target (red), distractor
(blue), intermediate (green), and goal location (orange) for
each target-distractor separation (Fig. 4). The histograms were
constructed by sorting the data into 7.5° wide bins, which
ensured that, even at the smallest tested separation, there was
one bin in between the target and distractor. Clear differences
can be seen between the saccadic landing position for the two
tasks at all of the different target-distractor separations exam-
ined. Specifically, in the STT task (where the goal location was
the target stimulus), there were substantially more saccades
directed toward the stimulus assigned as the target than in the

STM task (where the task goal was the intermediate location).
Thus participants successfully adjusted their eye movements,
depending on the task requirements. As the close distances
between the stimuli make it difficult to discern by inspection
the differences between averaging saccades and saccades di-
rected toward either the target or distractor stimulus, we fit the
distributions with a probabilistic mixture model to allow us to
estimate the probability of targeting each of these different
locations.

Model fitting. We fit both the full model and simpler alter-
natives (global effect only; stimulus capture only) to each
participant’s data. To determine which model provided the best
fit, we then contrasted the AICc of each of these models with
that of the full model. This allowed us to determine which
components were necessary to capture the saccade landing
distribution. Overall, the full model provided the best descrip-
tion of the data when comparing across all target-distractor
separations and both tasks (�AICc � SE relative to full model;
stimulus capture only � 905 � 117; global effect only � 813 �
162). Indeed, even when looking at the sum of AICc across
separations within each task separately, the full model was still the
better description for both the STT (stimulus capture only �
285 � 51; global effect only � 709 � 149; Fig. 5A) and STM
(stimulus capture only � 621 � 72; global effect only �
104 � 16; Fig. 5C) task. In general, as target-distractor sepa-
ration increased, both alternative models became increasingly
poor fits to the data. However, our results indicate that both
stimulus capture and global effect components were critical,
even for the smallest target-distractor separations.

The weights of each of the components provided an estimate
of the proportion of saccades directed toward that location. The
average fits to each of the different target-distractor separations
are overlaid in purple in Fig. 4 for both tasks. The associated
weights for the target, distractor, and intermediate components
at the different target-distractor separations for the full model
are shown in Fig. 5, B and D for the STT and STM task,
respectively. Here we found that the highest weighted compo-
nent was the one situated at the task goal location for both the
STT (goal � 66.5 � 11.2%; other � 33.5 � 11.2%) and STM

Fig. 4. Histograms of landing position for different target-distractor separations. Distributions of the average landing position across participants for the STT (A)
and STM (B) task are shown. Note that the goal location in the STT task was the target location (red), while the goal location for the STM task was the
intermediate location (green). From the histograms above, it can clearly be seen that the simple change of task goal resulted in substantially different distributions
for all of the different target-distractor separations, with the effects most noticeable at larger separations. The purple line indicates the average full model fit to
the collapsed data for each subject.
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(goal � 76.0 � 14.0%; other � 24.0 � 14.0%) tasks. In the
STT task, when averaging across separations, most saccades
were directed toward the target location (67 � 11%). Only a
small proportion of saccades was captured toward the distrac-
tor location (9 � 4%), with the remainder targeting the inter-
mediate location (25 � 13%).

Supporting previous findings, we found that the likelihood
of executing a saccade toward the global effect location in the
STT task decreased as the separation between the target and
distractor stimulus increased [slope � �0.50 � 0.46%/°; P �
0.017; t(7) � 3.12], while the weight for the target component

increased [slope � 0.47 � 0.4%/°; P � 0.013; t(7) � 3.29].
Across different target-distractor separations, the distractor
weight remained unchanged [slope � 0.03 � 0.10%/°; P �
0.356; t(7) � 0.99]. Importantly, despite the reduction in the
weight of the intermediate component as separation increased,
even at 75° separation there was evidence for the global effect
[9.1 � 2.5%; P � 0.008; t(7) � 3.65]. This suggests that, even
at this large separation, a significant proportion of saccades
was still captured to the global effect location.

In the STM task, we found that most saccades were accu-
rately directed toward the intermediate location (76 � 14%),
with only a small component weight associated with the
stimulus locations (12 � 7% average at each location). This
demonstrates that participants could alter targeting of their eye
movements in response to the task requirements and had no
difficulty in deliberately targeting the empty space between the
two stimuli.

While the intermediate [STT vs. STM; P � 0.001;
t(7) � 8.48] and target [STT vs. STM; P � 0.001; t(7) � 9.05]
components differed substantially between the two tasks, the
distractor component (which was never the goal location)
remained consistent [STT vs. STM; P � 0.56; t(7) � 0.61].
This suggests that, while task instructions influenced the prob-
ability of saccades landing at the task location, the proportion
of saccades that were unavoidably captured by the distractor
location did not differ between the two tasks.

Model fitting across time. As the prevalence of the global
effect is known to decrease as saccade latency increases, and
saccade latency itself is known to increase as target-distractor
separation increases, it was important to also analyze the
results as a function of saccade latency. We binned the data
into 30-ms overlapping bins (with each bin separated by 10 ms)
and fit each of our model variants independently to each time
bin. This allowed us to examine how both the weights and the
widths of the components within the mixture model changed as
saccade latency increased (Fig. 6). At the individual level, we
eliminated time bins that contained less than 15 trials, while at
the group level we eliminated the bins in which less than 50%
of participants had sufficient trials to be included.

Fig. 5. The AICc of the different model fits and the weights of the best model
for different target-distractor separations in the STT and STM tasks. For both
the STT (A) and STM (C) task, the full model, which included a target,
distractor, and intermediate component, was always the best fit to the data
(with the lowest change in AICc for each separation indicated by the thick bar
beneath). The weights for the best fitting full model for both STT (B) and STM
(D) are also shown.

Fig. 6. The change in AICc across target-distractor separations, task, and experiments as a function of saccade latency. The average AICc for the different models
across participants for experiment 1 (EXP 1; A and C) and experiment 2 (EXP 2; B and D) as a function of saccade latency for the STT and STM task is shown.
While the green line indicates the full model, the yellow and purple lines indicate the �AICc of stimulus-capture-only and global-effect-only models relative to
the full model, respectively. In experiment 1, the full model almost always fits the data better than either of the alternative simpler models. Indeed, as the panel
collapsed across separations shows, when considering all target-distractor separations, the full model was always the best model (with the small square indicating
the average �AICc collapsed across separations and saccade latency). This pattern is true also for the data of experiment 2. Here the data collapsed across contrast
is presented, and, while the plots are substantially smoother due to the increased number of trials, they match very closely with the data found in experiment 1.
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The changes in AICc scores for the different models as a
function of saccade latency are shown in Fig. 6, with the best
fitting model at each time bin denoted by the solid bar under
the curve. Here we again found that, across both tasks and for
all target-distractor separations, the full model was on average
the best fitting model (�AIC relative to full model; stimulus
capture only � 24.7 � 3.8; global effect only � 24.4 � 5.7).
Even when looking at the average change in AICc for either the
STT (stimulus capture only � 15.7 � 3.4; global effect only �
41.7 � 12.4) or the STM (stimulus capture only � 32.6 � 5.4;
global effect only � 5.6 � 2.5) task separately, the full model

fit the data significantly better than the alternatives. Although
for some specific time bins there are exceptions where the
global-effect-only models provided a marginally better fit,
these predominantly occurred only for very long latency sac-
cades in the STM condition [i.e., when almost all saccades
were correctly targeting the intermediate (goal) location].
Overall, it is clear that distinct target, distractor, and averaging
components were necessary to accurately account for how
saccade landing positions change with saccade latency.

The changes in the weights for the model found to provide
the best fit, the full model, are shown in Fig. 7 for the different

Fig. 7. Histograms of landing position for different target-distractor separations. The mean weights for the target (red), distractor (blue), and intermediate (green)
model components across participants are shown for each of the different target-distractor separations (columns) and for both STT (A) and STM (B) tasks. As
the latency distributions for individuals varied significantly, above each set of weights is the proportion of participants with sufficient data for inclusion in the
average at that time point. Averages of �50% of the participants are not shown. The weights for each of the different contrasts examined in experiment 2 are
shown in C and D for STT and STM, whereas the weights collapsed across contrast are shown in E and F, respectively. Importantly, although 8 new participants
were examined, the data for experiment 2 closely match the equivalent separations in experiment 1.
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target-distractor separations in the STT (A) and STM (B) tasks.
The probability of making an eye movement that terminated at
the goal location (red lines in A, green lines in B) approached
100% as saccade latency increased. While for each target-
distractor separation there was substantial capture toward the
goal locations for short-latency saccades (STT: 55.2 � 9.4%;
STM: 60.1 � 17.5%) for all separations [first 30 ms of data,
see Methods; STT, all separations; all P � 0.0019; all t(7) �
4.82; STM, all separations; all P � 0.0019; all t(7) � 4.85], as
saccade latency increased, the proportion of saccades directed
toward the goal location significantly increased for all separa-
tions for both the STT task [slope � 0.38 � 0.19%; P �
0.0008; t(7) � 5.64] and the STM task [slope � 0.23 � 0.11%;
P � 0.0005; t(7) � 5.36].

Had there been no influence of task on the most rapidly
executed saccades, then we would have expected identical
weights at low latencies between the two tasks for the same
target-distractor separation. Instead we found significant dif-
ferences between the tasks for short-latency saccades for the
target [STT vs. STM; P � 0.001; t(7) � 5.71] and intermediate
weights [STT vs. STM; P � 0.002; t(7) � 4.96]. In contrast,
the weight of the distractor component did not significantly
vary for any of the separations [STT vs. STM; P � 0.537;
t(7) � 0.65]. These average differences held also for each
individual separation, apart from the 15° target-distractor sep-
aration in which neither target [STT vs. STM; P � 0.080;
t(7) � 2.04], intermediate [STT vs. STM; P � 0.339; t(7) �
1.03], nor distractor [STT vs. STM; P � 0.059; t(7) � 2.25]
weights varied. This is probably because, at the smallest
separation, the components were difficult to separate, given the
limited trials available once binned across time. Nevertheless,
these results show that even the most rapidly executed saccades
displayed a systematic bias in their landing position toward the
task goal.

Dissociating automatic capture from intentional task-re-
lated targeting. By comparing each of the different weights
across the two tasks, we can differentiate between changes in
the probability of executing an automatic saccade toward a
stimulus or the intermediate location (automatic capture) and
the influence of the task (intentional and goal directed). We
performed this operation at each time bin for each of the
target-distractor separations examined. This allowed us to
derive the time course of interactions between compulsory
capture and intentional goal-related activity. The results are
shown in Fig. 8, where the proportion of saccades which are

intentionally directed toward the task goal (orange) are esti-
mated independently of those that are unavoidably captured
toward either of the stimulus locations (purple; stimulus cap-
ture) or the average location (green; global effect).

We found that, apart from the smallest 15° target-distractor
separation, in which weights were less clearly differentiated,
the task goal had an influence on the probability of targeting
different locations even for short-latency saccades [goal weight
30–75° separation: 36.0 � 4.0%; all P � 0.0034; all t(7) �
4.33]. Additionally, for all separations, the influence of the task
was found to significantly increase for saccades initiated later
in time [slope � 0.54 � 0.14%; P � 0.0001; t(7) � 10.68]. As
the task influence increased, the relative proportion of saccades
automatically captured toward either of the stimulus locations
[slope � �0.25 � 0.12%; P � 0.0006; t(7) � 5.86] or toward
the average location [slope � �0.29 � 0.12%; P � 0.0003;
t(7) � 6.66] decreased. This supports the idea that longer
delays before executing saccades result in increased top-down
influence on the targeting of the saccade. Furthermore, the
initial capture toward the global location for rapidly executed
saccades decreased as target-distractor separation increased
[slope per degree of separation � �0.55 � 0.44%; P � 0.010;
t(7) � 3.48]. Again, this was even more apparent if the small-
est 15° target-distractor separation was excluded [slope �
�0.80 � 0.49%; P � 0.002; t(7) � 4.67].

Nonetheless, for all target-distractor separations, there was a
significant global effect component for short-latency saccades
[mean global � 30.5 � 14.4%; all P � 0.020; t(7) � 2.98].
Similarly, we observed a significant proportion of unavoidable
capture toward the stimulus locations at all separations [mean
stimulus � 38.9 � 17.0%; all P � 0.004; t(7) � 4.12], with
the proportion increasing as the separations increased beyond
30° [slope � 0.91 � 0.29%; P � 0.0001; t(7) � 8.82]. Despite
these changes, the initial strength of the task-related goal
component did not appear to change as the separation increased
above 30° [slope � �0.10 � 0.56%; P � 0.613; t(7) � 0.53].
These results suggest that the strength of capture toward either
the stimulus or average location is dependent on the separation,
while the initial strength of the goal is relatively invariant to the
spatial separation of the stimuli.

EXPERIMENT 2

In the second experiment, we investigated the influence of
stimulus salience on the interactions between unavoidable

Fig. 8. Automatic and intentional capture effects in time for different target-distractor separations. By comparing the STT and STM task for each of the different
target-distractor separations, we could generate estimates for the proportion of saccades unavoidably captured toward either the location of stimuli or the global
effect location and those that were intentionally directed toward the task goal for both experiment 1 (A) and experiment 2 (B). This reveals how the proportion
of saccades dedicated to different locations changes with the delay before movement onset.
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capture (to either the stimuli or the global effect location) and
intentional goal-directed targeting. We manipulated stimulus
saliency by varying the contrast of the noise patch contained
within the two stimuli. While we hypothesized that the saliency
of the stimuli should influence the speed of saccade initiation,
with faster saccades executed toward stimuli with a higher
contrast, it was not clear whether higher contrast would affect
the proportion of capture toward the stimuli and the global
effect location equally. For example, higher contrast may
disproportionately increase the likelihood of capture toward the
stimulus locations, as their signal strength becomes stronger
relative to the background, but this change may occur without
increasing the strength of the averaging location.

Methods

Participants. An additional eight naive individuals (19–28
yr old; 1 male) took part in experiment 2. All participants had
normal or corrected-to-normal visual acuity, and none of them
had participated in the previous experiment. Informed consent
was obtained before the study in accordance with the guide-
lines of the Helsinki Declaration, and the protocol was ap-
proved by the Cambridge Psychology Research Ethics
Committee.

Stimuli and procedure. The experiment proceeded identi-
cally to experiment 1, except for the following modifications.
We varied the contrast of the stimuli within five levels (11, 19,
33, 56, and 95% Michelson contrast). As our posterized noise
consisted of three distinct tones (a light, mid-, and dark tone),
we changed the contrast by varying the range between the light
and dark tone located within each stimulus (while the midtone
remained the same gray as the background). As in the first
experiment, we tested both the STT and the STM task; how-
ever, we did not include the single target condition within the
STT task as in experiment 1. Instead of examining a large
range of target-distractor separations, we examined only sep-
arations of 30° and 60°. Finally, in experiment 2, the irrelevant
color cue at fixation in the STM task was changed to a
completely different color that did not match either stimulus.
While this means the two tasks were not completely identical
(as in experiment 1), it was done to preclude the possibility of

the color at fixation biasing participants toward the matching
color target stimulus during the STM task and to enable us to
rule out any role of the fixation color on our results.

Data preprocessing. Eye movement data were additionally
analyzed offline as in experiment 1. Excluding the trials al-
ready detected by online analysis, after offline filtering, we
were left with an average of 672 trials (96%) in the STM task
and 665 trials (95%) in the STT task. This meant that each
condition for each participant had ~67 trials available for
analysis (and 335 when collapsed across contrast).

Results

Saccade latency. The differences in saccade latency (relative
to the median latency at 33% contrast across both tasks) are
shown in Fig. 9A. As can be seen for both 30° and 60°
separations, there was a substantial decrease in saccade
latency as the contrast increased, occurring in both tasks.
The rate of change in relative saccadic latency as a function
of the log contrast was significantly different from zero for
both the STT [30°: P � 0.031; t(7) � 2.69; 60°: P � 0.007;
t(7) � 3.80] and STM [30°: P � 0.001; t(7) � 8.25; 60°: P �
0.003; t(7) � 4.53] tasks. While the decrease in latency as
contrast increased differed significantly between tasks at 30°
[STT vs. STM; P � 0.042; t(7) � 2.49], there was no differ-
ence in the slope at 60° [STT vs. STM; P � 0.267;
t(7) � 1.21]. When combining data across contrasts, there was
a significant difference between 30° and 60° target-distractor
separations for both the STT [P � 0.001; t(7) � 6.67] and
STM [P � 0.001; t(7) � 6.32] task. However, there were no
differences between the two tasks in the median saccade
latency for either 30° [P � 0.216; t(7) � 1.36] or 60° [P �
0.207; t(7) � 1.39] separations. Additionally, there were no
differences in the average median reaction time between sub-
jects in either the 30° or 60° separations of experiment 1 and
the same separations with equivalent contrast in experiment 2
[i.e., experiment 1 (30°) vs. experiment 2 (30°; 0.33% con-
trast)] for either the STT [30°: P � 0.143; t(7) � 1.65; 60°:
P � 0.135; t(7) � 1.69] or STM [30°: P � 0.367; t(7) � 0.96;
60°: P � 0.415; t(7) � 0.87] task.

Fig. 9. Saccade latency for 30° and 60° stimulus separation and the influence of stimulus contrast. A: the relative differences in saccade latency as stimulus
contrast increased for both the STT (red) and STM (green) task for either 30° (left) or 60° (right) separation between stimuli. As contrast increased, there was
a reduction in the latency of saccades in both tasks, with the reduction occurring slightly more rapidly in the STM task when stimuli were 30° separated. B: each
participant’s saccade latency for each contrast level (1 � lowest, 5 � highest) on both the STT and STM task are plotted. Almost all participants show a steady
decrease in saccade latency as contrast increases, while the overall latencies for 30° are visibly faster than for 60° (as was found in experiment 1).
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Mouse responses. As in experiment 1, in both tasks the
mouse responses were highly accurate across the different
target-distractor separations. We found that 94.5 � 9.7%
(mean � SE) of the mouse responses were directed toward the
task goal (i.e., within �25% of the separation), compared with
only 55.9 � 19.2% of the saccades. We again found no signif-
icant correlation between accuracy in the perceptual task and
saccade latency (P � 0.05).

Model fitting across time. We fit the time course of the data
with all three variations of the model both separated and
collapsed by stimulus contrast for the STT (Fig. 7C) and STM
(Fig. 7D) task. Across the different stimulus contrasts, we
observed little consistent differences in the weights. To test
whether the time courses of the weights differed as contrast
changed, we fit the changes in the target, distractor, and
intermediate weights as saccade latency increased for each
participant. We could then examine for each participant
whether there was a linear trend in either the slope or intercept
of the time course changes as the contrast changed. We found
that, for the 30° target-distractor separation, there were no
consistent changes in the slope of the weights as contrast
changed for either the STT [all P � 0.123, all t(7) � 1.75] or
STM [all P � 0.193, all t(7) � 1.44] task. For the 60°
target-distractor separation, there were no changes for the STT
task [all P � 0.193; all t(7) � 1.44], while in the STM task
there was a significant decrease in the intermediate weight as
contrast increased [mean � SD; �0.06 � 0.06%; P � 0.021;
t(7) � 2.98] and no change for the target [0.00 � 0.09%; P �
0.901; t(7) � 0.13] or distractor [0.06 � 0.09%; P � 0.114;
t(7) � 1.81] weights. Thus, across the different separations and
model components, there were no consistent changes in the
time course as the contrast of the stimuli changed. Instead, the
main effect of decreasing stimulus contrast appeared to be a
modulation in the time of saccade onset without substantial
influences on the underlying dynamics. This meant that, al-
though low-contrast trials had a smaller proportion of rapid
onset saccades than high-contrast trials, for a given saccade
latency individuals had largely similar weights for each of the
different model components. Due to this lack of differences in
the weights across time, we collapsed the different contrast
data together for the remainder of the analysis, benefiting from
both the overall increase in the number of trials and from the
fact that contrast differences resulted in saccade onset being
spread across a greater range of latencies (which increased the
overlap in saccade initiation between participants).

The full model provided the best description of the data
across the different target-distractor separations for both the
STT (�AIC relative to full model; stimulus capture only �
33.6 � 12.0; global effect only � 88.9 � 27.1) and STM task
(stimulus capture only � 97.3 � 49.9; global effect only �
15.9 � 8.2), as indicated by the small squares at the start of
each figure (see Fig. 6, B and D). Thus, as in experiment 1, the
full model (with components situated on the target, intermedi-
ate, and distractor location) was required to best describe the
data. Importantly, the weights for each separation, combined
across contrast, closely corresponded with the weights found in
experiment 1 for equivalent target-distractor separations. Thus
we replicated the weights found in response to rapid-onset
saccades as well as the time course in the second experiment
with an additional eight naive participants.

We again decomposed the weights into automatic and in-
tentional capture effects. As shown in Fig. 8B, even for
target-distractor separations of 60°, there was evidence for the
presence of the global effect in short-latency saccades
[19.2 � 3.9%; P � 0.002; t(7) � 4.98], although it was nota-
bly stronger when the separation was only 30° [59.0 � 6.5%;
P � 0.001; t(7) � 9.13]. Additionally, the probability of eye
movements being automatically captured toward either the
global effect location or the location of either of the visible
stimuli traded off as the separation between the stimuli
changed, i.e., closer stimuli generated substantially more av-
eraging [30 vs. 60°; 59.0 � 6.5 vs. 19.2 � 3.9%; P � 0.001;
t(7) � 5.35] and fewer stimulus-directed saccades [30 vs. 60°;
3.9 � 2.0 vs. 33.6 � 8.8%; P � 0.006; t(7) � 3.92] than fur-
ther separated stimuli, regardless of task. However, the time
course of the goal-directed activity was found to be almost
identical across the two conditions [30 vs. 60°; 37.1 � 7.7 vs.
47.3 � 7.8%; P � 0.173; t(7) � 1.52], suggesting that the
influence of top-down selection emerges with a similar time
course, regardless of the separation between the stimuli. Fi-
nally, as in experiment 1, the proportion of saccades directed
toward the goal increased as saccade latency increased [sl-
ope � 0.19 � 0.07%; P � 0.0001; t(7) � 7.62], while the
proportion captured to either the stimulus [slope � �0.05 �
0.06%; P � 0.050; t(7) � 2.36] or global effect location [sl-
ope � �0.14%� 0.06%; P � 0.0002; t(7) � 6.98] decreased.

DISCUSSION

We investigated the influence of spatial separation and
behavioral goals on the automatic and intentional control of
saccadic eye movements. Specifically, we examined how in-
creasing the distance between two simultaneously appearing
stimuli altered both the speed and accuracy with which sac-
cades were made toward a goal location. By explicitly asking
participants to move their eyes either toward a specific stimulus
or toward the midpoint between two stimuli, we characterized
how deliberate goal-related selection interacts with automatic
stimulus-driven capture. We found that, regardless of task
instructions, the distribution of saccade landing positions was
best described as a probabilistic mixture of saccades directed to
the target, distractor, and intermediate location. This meant
that, even when individuals intended to move their eyes to a
certain goal location, their saccades were often automatically
redirected toward another location.

We found that increasing stimulus separation had opposite
effects on the proportion of saccades captured toward visible
stimuli (stimulus capture) and those captured toward the inter-
mediate location in between stimuli (the global effect). This
meant that, as separation increased, the proportion of saccades
captured to the global effect location decreased, while the
proportion captured to the visible stimulus locations increased.
However, rather than finding an explicit spatial window in
which averaging saccades occurred, our results suggested that
the likelihood of observing an averaging saccade continuously
decreased as target-distractor separation increased. Yet, even
with target-distractor separations as large as 75°, we observed
a substantial proportion of global effect saccades at short
latencies. Thus it appears the global effect was present well
beyond the proposed 20° spatial window (Van der Stigchel and
Nijboer 2013; Walker et al. 1997).
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There are several reasons why, in contrast to previous
studies, we may have been able to observe the presence of the
global effect at such large stimulus separations. First, we gave
explicit and clear instructions in both of our tasks so that
participants knew precisely what was the goal location for their
saccades. A less explicit definition of the task goal, either
through ambiguous instructions (STA) or having participants
make a choice between either stimulus (STE), leaves ambigu-
ity as to the goal location (e.g., De Vries et al. 2016; Silvis and
Van der Stigchel 2014; Van der Stigchel et al. 2012) and makes
the discrimination of automatically directed saccades from
intentional movements difficult.

Second, our probabilistic mixture model analysis allowed us
to disambiguate global effect, stimulus capture, and intentional
task-related saccades. Rather than having a single average
landing position measure (e.g., Choi et al. 2016; Van der
Stigchel and de Vries 2015; Walker et al. 1997), which is
insensitive to the differences between these components, this
approach allowed us to detect averaging saccades even when
they were not the most frequent response. It also ensured
erroneous saccades to the distractor location were not counted
toward the global effect. This is frequently evident in studies
using median saccade landing position, where an equal distri-
bution of responses to the target and distractor (with only a tiny
fraction of saccades to the intermediate location) can, never-
theless, result in a median saccade landing position in between
the two distributions. Thus, despite its ubiquitous use in studies
of the global effect, the median or mean saccade landing
position is a poor metric for quantifying the proportion of
averaging saccades. While examinations of distributions (i.e.,
comparing unimodal and bimodal fits) are an improvement
(Van der Stigchel et al. 2012; Van der Stigchel and Nijboer
2013), decomposing the distributions into their constituent
parts creates a much more accurate estimate of saccade target-
ing behavior (De Vries et al. 2016).

Third, by explicitly asking participants to target the inter-
mediate location (STM), we could dissociate automatic capture
from task-related selection. This provided a sensitive measure
able to capture targeting of the global effect location at large
separations. Despite some previous findings of global effect at
large spatial separations, there has seemingly been a reluctance
to interpret the global effect as occurring over a greater range.
One reason for this may be the difficulty it poses to neural
models, as a larger spatial region of spatial interaction would
call for even more long-range lateral interactions, something
that is already questioned in current models (Christie et al.
2015; Lee and Hall 2006; Marino et al., 2012). For instance,
although Van der Stigchel and colleagues (2011) observed a
global effect even for far distractors, they interpreted this as
distinct from the “traditional” global effect as it occurred for
greater separations and was seemingly automatic. Interestingly,
they argued that it was the lack of top-down selection in their
first experiment that led to this nontraditional automatic global
effect, while the presence of top-down selection in their second
experiment was what allowed no averaging to be observed. In
contrast, we argue that the global effect is a purely bottom-up
effect.

We found clear evidence for saccades directed to both the
intermediate location and the stimulus location at all spatial
separations tested. Importantly, this was true even when the
task goal aligned with the intermediate location, a condition in

which additional processes related to goal selection presum-
ably should only reinforce the intermediate location. Further-
more, the proportion of saccades directed toward the stimuli
increased, and those to the global effect location declined as
stimulus separation increased. This contrasts with Christie et
al. (2015), who found that center-of-gravity effects did not
change with stimulus separation. Unfortunately, because the
priming paradigm of Christie and colleagues (2015) does not
permit any meaningful analysis of the saccade landing posi-
tions, and the combined analyses of both two- and four-
stimulus arrays (and hence the center-of-gravity instead of the
intermediate position) makes determining what is the equiva-
lent “global effect location” unclear (i.e., is there an interme-
diate location between each stimulus or simply a single center-
of-gravity activation?), direct comparison with their results is
difficult. Nevertheless, while we would also suggest that re-
gions outside of the SC involved in processing of the task
likely play a critical role in the predominance of the global
effect, we would suggest that spatial separation directly affects
the likelihood of automatic, stimulus-driven saccades being
directed toward either physical stimulus locations or toward the
global effect location.

Consistent with Viswanathan and Barton (2013), we propose
that motor representations for the individual stimuli compete
with that of the intermediate position, with the weightings
determined by the target-distractor separation. With increased
delay before movement onset, top-down, task-related processes
continually influence this competition and increasingly bias
selection toward the task-relevant location. Thus the most rapid
saccades reveal intermediate stages of this competition, where
processes have reached threshold before explicit knowledge of
the task has had sufficient time to influence activity. Similarly,
although averaging saccades were observed for separations in
excess of 35°, in their detailed analyses of the spatial interac-
tions governing the global effect using an STT paradigm, Van
der Stigchel and Nijboer (2013) argued that “a genuine global
effect is observed when the endpoint distribution is unimodal
with the peak between the two stimuli.” While with this
definition they conclude that the global effect is only present
less than 35°, they also acknowledge that there is a linear trend
in the probability of observing averaging saccades. Based on
the present findings, we argue that automatic stimulus-driven
capture, to either the stimulus locations themselves or to the
average position between them, is present whenever multiple
stimuli occur. The distance between the stimuli determines
whether, for short-latency saccades, this automatic capture is
toward the stimuli themselves or toward the average location.
However, this transition is continuous without a defined spatial
window. While the specific requirements of the task, as well as
the salience of the stimuli and the difficulty in discriminating
them, all influence the proportion of observed averaging sac-
cades between different experimental paradigms, when these
variables are appropriately controlled, automatic capture, both
toward the stimuli and to the global effect location, can be
observed for all separations.

The Role of Task Instructions on the Global Effect

In examining the global effect, researchers typically have
asked participants to saccade to either of two stimuli (STE; i.e.,
two target paradigms; De Vries et al. 2016), to saccade to a
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specific stimulus (STT; i.e., target and distractor paradigms;
Walker et al. 1997), or have shown two stimuli and given
ambiguous (or nonexistent) instructions about the task goal
(STA; i.e., ambiguous instruction paradigms; Silvis and Van
der Stigchel 2014). However, each of these methods has certain
limitations in interpreting the influence of task on performance.
With two target paradigms (STE), it is unclear which of the
stimulus locations the subject classified as his or her intended
goal. This means that a researcher cannot discern the difference
between saccades that were intentionally directed toward a
specific goal location and those that were automatically cap-
tured toward one of the stimulus locations. The participants
may have intentionally selected one of the object’s locations as
their intended movement goal, but nevertheless found that their
gaze was captured toward the other location.

In experiments with both a target and a distractor stimulus
(STT), the proportion of saccades to the distractor can be
analyzed to estimate the frequency of unintentional capture
toward the distractor location. However, as the goal location
and the target location are always identical, the frequency of
unavoidable capture toward the target location (which inadver-
tently happens to be correct) cannot be discerned. Our results
suggest that the proportion of unavoidable capture toward the
distractor stimulus provides a good approximation for the
proportion fortuitously captured toward the target location,
which in these cases is also the goal location. This is a clear
problem with the most common metric used, median landing
position, as, unless the data are mirrored around the interme-
diate location, the proportion of saccades landing at the dis-
tractor could substantially shift the median toward the middle
of the distribution.

In paradigms with ambiguous instructions (STA), these
problems are compounded, as different participants, or even
the same participant on different trials, may have different
inferences as to their required task. In such a situation, when
two identical stimuli appear, moving one’s eyes to the mid-
point (which shifts the fovea closer to both stimuli) is objec-
tively just as valid a strategy as selecting either one of the
stimuli. By not giving instructions, it has been argued that
top-down influences on saccade targeting are avoided. For
example, Silvis and Van der Stigchel (2014) explain that, “A
unique feature of this paradigm is that participants are gener-
ally not instructed to aim for a specific target and are simply
told to move their eyes as quickly as possible toward the
information that appears on the screen” (p. 358). The use of
instructions is argued to be unnecessary, as the averaging
behavior seen is believed to be the “default” behavior. How-
ever, other studies have shown that increasing the predictabil-
ity of stimulus locations (Aitsebaomo and Bedell 2000; Coëffé
and O’Regan 1987; He and Kowler 1989) or increasing the
accuracy demands of the task (Findlay and Blythe 2009;
Findlay and Kapoula 1992) both result in a substantially
weaker global effect. This suggests that intentional modulation
from the task can indeed influence averaging behavior.

A recent study by Heeman and colleagues (2014) explicitly
investigated the use of ambiguous instructions by testing a “no
instruction” condition (STA), in which participants were sim-
ply told to move their eyes “as fast as possible to the stimuli
presented” (p. 31), as well as a condition with explicit instruc-
tions to saccade to a specific target (STT). They found more
accurate saccades when explicit instructions were given, even

for the most rapidly executed saccades. By providing evidence
that even saccades with low latency are biased, this suggests
that the perceived task or attentional set of the observer cannot
be ignored (Folk et al. 1992, 1994; Folk and Remington 1998).
Thus the data from tasks utilizing ambiguous instructions
likely represent the influence of ambiguous top-down informa-
tion (which within individual participants may represent dif-
ferent, explicit strategies), as opposed to being absent of
top-down information.

Time Course of Intentional Control

In the present study, we developed a modified version of the
global effect paradigm that enabled us to separate the influ-
ences of incidental capture and intentional, goal-directed tar-
geting. We achieved this by manipulating the task instructions
so that, in the different tasks, the movement goal was dissoci-
ated from the location of the target stimulus or global effect
location. By contrasting the two identical paradigms, varying
only in task goal, we could compare the component weights for
each participant and dissociate the influence of automatic
capture toward visible stimuli from the slower, intentional
effects arising from the top-down selection of the task goal.
Not only was this the first demonstration of a task explicitly
requiring the participant to saccade to the midpoint between
two stimuli, but we were also able, from behavioral data alone,
to derive the time course over which goal-related planning
influences saccade targeting.

We found that the influence of task increased with saccade
latency until saccades initiated as late as 300 ms almost all
landed accurately at the task goal. However, we also found that
there was a nonnegligible influence of task on even the fastest
initiated saccades. These findings conflict with the conclusions
of Heeman et al. (2014). These authors argued that, although
activity in the SC represents a combination of both automatic
(bottom-up) and intentional (top-down) processes (Bompas
and Sumner 2011; Meeter et al. 2010; Trappenberg et al.
2001), the intentional influences take longer to process when
coding saccade targets, leaving the fastest initiated saccades
almost entirely exogenously driven. Instead we find a consid-
erable influence of task even for the most rapid saccades.

Rather than representing a dynamic response to the stimuli
on the current trial, some of this early influence of task may
instead represent an anticipatory response to the overarching
task demands. For example, when participants are in a block in
which they must explicitly saccade to the stimulus that matches
the color at fixation, they may prime the relevant feature
detectors in anticipation of the stimulus appearing (Folk et al.
1992, 1994; Wu et al. 2014). Conversely, when explicitly
required to move their eyes to the global effect location,
participants may be able to preemptively boost attention to
lower spatial frequencies that are more likely to encompass
both stimuli (Ludwig et al. 2007). As such, while our results
certainly provide evidence that the task influences even rapid
eye movements, this influence may be more akin to preatten-
tion filters (Folk et al. 1992) than active selection based solely
on visual processing of the stimuli.

Nevertheless, these findings give strong support to the idea
that the general increase in saccade accuracy for longer latency
saccades is due to task-related, top-down feedback. Further-
more, they support the suggestion that this time course is
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related to the time it takes for task-related signals from higher
visual areas (i.e., frontoparietal regions), responsible for selec-
tion and decision making, to be propagated back to early visual
areas where they can boost the processing of the selected visual
stimuli and facilitate targeting the correct location for the
upcoming eye movement (reverse hierarchy theory; Hochstein
and Ahissar 2002). Indeed, the time course observed in the
current experiment corresponds well with a range of different
studies investigating visual search, spatial cueing, and eye
movements that have suggested attentional selection takes
~150–200 ms to reach primary visual cortex (Buffalo et al.
2010; Mehta et al. 2000). Here the demands of the task are
critical in determining the delay, as the longer times required to
reach decision thresholds for more difficult tasks can substan-
tially alter the speed at which intentional selection influences
task performance.

This matches well with previous results showing that, while
changing the discriminability of the target does not eliminate
the biases observed for rapidly executed saccades, it does
influence the overall saccade landing distribution, presumably
by influencing the time it takes for intentional selection to
influence behavior. For more difficult discriminations, inten-
tional selection would be delayed, meaning that, while early
saccades would still be predominantly influenced by low-level
stimulus properties, the improvement from selection would
develop more gradually. Interestingly, we observed that the
intentional goal-directed influence on saccade targeting ap-
peared to follow the same time course, regardless of separation.
As such, the time course of attentional selection appeared to be
unchanged by stimulus separation, which itself does not affect
stimulus discriminability. Similarly, while our contrast manip-
ulation altered the saliency of the noise patch within stimuli, it
affected both stimuli equally and did not alter the visibility of
the colored ring (which was the feature critical in discriminat-
ing between target and distractor). Thus, also in experiment 2,
the time course of intentional selection remained largely sim-
ilar across contrast conditions.

Manipulation of Contrast

In experiment 2, we manipulated the contrast of both of the
stimuli to see whether this manipulation altered the strength of
stimulus capture and/or the global effect. While the overall
contrast influenced median saccade latency, with higher con-
trast stimuli producing more rapid eye movements, we were
not able to discern a differential effect on the probability of
making an averaging saccade. However, the results of experi-
ment 2 not only replicated the findings of experiment 1 with an
additional eight naive subjects, but allowed us, by collapsing
across contrast levels, to generate a substantially smoother and
more robust time course, due to the greater number of trials.
Indeed, the close correspondence between results from the two
experiments suggests our findings are robust and generalizable
to the wider population.

Although our contrast manipulation did not differentiate
between stimulus capture and the global effect, future experi-
ments could extend our findings by manipulating the contrast
of the two stimuli independently and using our method to
quantify how stimulus competition affects the likelihood of
capture to stimulus or global effect locations. Varying the
contrast may bias averaging saccades toward the higher con-

trast stimuli, resulting in saccades directed not to the interme-
diate position but somewhere in between there and the stimu-
lus. Alternatively, the global effect location may be unaffected
by the contrast of individual stimuli and instead reflect the
center of mass of the two stimuli or the bisected distance
between the two, independent of the visibility of each stimulus.
It would also be interesting to compare with perceptual judg-
ments of the midpoint between the stimuli, to see if they
remain accurate under these circumstances, or if the differ-
ences in contrast between the stimuli bias the perceptual
midpoint location toward the more salient stimulus.

In the first experiment, the two tasks were kept as close to
identical as possible, with the only difference between the tasks
being the verbal instructions. While this ensured that we could
ascribe differences in our results to the task itself, it meant that
in the STM task participants were also required to ignore the
color of the fixation. In experiment 2, the fixation color was
changed to a nonmatching color during the STM task. Despite
this change, we replicated the results of experiment 1, suggest-
ing that this color cue played no role in our results. Neverthe-
less, there was a very slight tendency for the weight of the
target stimulus to be slightly larger than the distractor stimulus
during the STM task in experiment 1 (when instead they should
be identical, as seen in experiment 2). Future studies could
investigate whether task-irrelevant color cueing of one of the
stimuli is able to influence the targeting of automatic, stimulus-
driven eye movements and, perhaps more importantly, whether
it can also influence the position of the global effect location.

Perceptual Judgments

We had participants perceptually localize the goal location
after each saccade by indicating its location with the computer
mouse. This was an important control to ensure that partici-
pants could accurately localize the stimuli on every trial. It also
allowed us to examine whether the cases in which participants
made non-goal-directed eye movements were associated with
changes in the accuracy of perceptual localization. We found
no such change in the mouse response accuracy, regardless of
the accuracy of eye movements.

These results support the work of Eggert and colleagues
(2002), who found a global effect in a saccade target task, but
failed to find a similar effect for perceptual localization judg-
ments. However, it is important to note that visual information
available before the saccade may have benefited from contin-
ued processing even after saccade initiation. Thus, although
there was sufficient information to accurately localize the goal
location by the time of the mouse response, this information
may not yet have been available for motor planning at the time
of saccade initiation.

Despite the inaccuracies in saccade end points, evidence
from studying attentional shifts (Deubel and Schneider 1996)
has shown that participant’s attention is located at the intended
target location, irrespective of where the eyes land. This
implies that, even when sudden onsets or averaging causes the
executed saccade to be inaccurate, the target selection remains
precise (Van der Stigchel and de Vries 2015). Given the
proposed tight coupling between attention and action (Hoffman
and Subramaniam 1995; Shepherd et al. 1986; Van der
Stigchel and Theeuwes 2005), this suggests that, while many
factors may contribute to the accuracy of the enacted motor
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command, target selection is likely to remain tightly focused
on the actual saccade target. Previous work showing that the
global effect represents averaging between the saccade goal
and distractors (and not between stimuli per se) provides
further evidence as to why the perceptual localization of the
target stimulus might be unaffected (Viswanathan and Barton
2013). Our results, in which the intermediate location was
equally well localized in the STM task, regardless of saccade
landing position, further suggest that the spatial interactions
responsible for the errant eye movements in global effect tasks
are independent from perceived location.

Conclusions

We developed a novel paradigm in which task instructions
were manipulated to investigate how intentional target selec-
tion interacts with the spatial separation between stimuli. To
quantify these effects, we implemented a probabilistic mixture
model that could produce estimates of the proportion of sac-
cades directed to different locations and how this varied with
changes in saccade latency. By contrasting our model fits
across tasks, we could extract the proportion of saccades that
were automatically directed toward the location of visible
stimuli or the global effect location and distinguish these from
the proportion that was intentionally targeted to the goal
location. We found evidence that both visual object capture
and the global effect co-occurred at short latencies for all
separations, but their influence declined as latency increased
and eye movements came under increasing top-down control.
Furthermore, we found that, as the separation between the
stimuli increased, capture came to dominate the landing posi-
tions of fast saccades, with reduced global effect. Yet even at
the largest separations, we found evidence for the global effect
in rapidly initiated saccades. Using the mixture model fits, we
could recreate the time course over which the competition
between automatic capture and intentional targeting played
out. These results demonstrate a powerful method for extract-
ing the time course of target selection from eye movement data
and have importance for our understanding of saccade target
selection.

GRANTS

This work was supported by the Wellcome Trust.

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by the author(s).

AUTHOR CONTRIBUTIONS

D.A.-M. and P.M.B. conceived and designed research; D.A.-M. performed
experiments; D.A.-M. analyzed data; D.A.-M. and P.M.B. interpreted results
of experiments; D.A.-M. prepared figures; D.A.-M. drafted manuscript;
D.A.-M. and P.M.B. edited and revised manuscript; D.A.-M. and P.M.B.
approved final version of manuscript.

REFERENCES

Aitsebaomo AP, Bedell HE. Saccadic and psychophysical discrimination of
double targets. Optom Vis Sci 77: 321–330, 2000. doi:10.1097/00006324-
200006000-00012.

Arai K, McPeek RM, Keller EL. Properties of saccadic responses in monkey
when multiple competing visual stimuli are present. J Neurophysiol 91:
890–900, 2004. doi:10.1152/jn.00818.2003.

Bacon WF, Egeth HE. Overriding stimulus-driven attentional capture. Per-
cept Psychophys 55: 485–496, 1994. doi:10.3758/BF03205306.

Bompas A, Sumner P. Saccadic inhibition reveals the timing of automatic and
voluntary signals in the human brain. J Neurosci 31: 12501–12512, 2011.
doi:10.1523/JNEUROSCI.2234-11.2011.

Boot WR, Kramer AF, Peterson MS. Oculomotor consequences of abrupt
object onsets and offsets: onsets dominate oculomotor capture. Percept
Psychophys 67: 910–928, 2005. doi:10.3758/BF03193543.

Buffalo EA, Fries P, Landman R, Liang H, Desimone R. A backward
progression of attentional effects in the ventral stream. Proc Natl Acad Sci
USA 107: 361–365, 2010. doi:10.1073/pnas.0907658106.

Choi WY, Viswanathan J, Barton JJS. The temporal dynamics of the
distractor in the global effect. Exp Brain Res 234: 2457–2463, 2016.
doi:10.1007/s00221-016-4650-4.

Chou IH, Sommer MA, Schiller PH. Express averaging saccades in monkeys.
Vision Res 39: 4200–4216, 1999. doi:10.1016/S0042-6989(99)00133-9.

Christie J, Hilchey MD, Mishra R, Klein RM. Eye movements are primed
toward the center of multiple stimuli even when the interstimulus distances
are too large to generate saccade averaging. Exp Brain Res 233: 1541–1549,
2015. doi:10.1007/s00221-015-4227-7.

Coëffé C, O’Regan JK. Reducing the influence of non-target stimuli on
saccade accuracy: predictability and latency effects. Vision Res 27: 227–
240, 1987. doi:10.1016/0042-6989(87)90185-4.

Coren S, Hoenig P. Effect of non-target stimuli upon length of voluntary
saccades. Percept Mot Skills 34: 499–508, 1972. doi:10.2466/pms.1972.34.
2.499.

De Vries JP, Van der Stigchel S, Hooge ITC, Verstraten FAJ. Revisiting
the global effect and inhibition of return. Exp Brain Res 234: 2999–3009,
2016. doi:10.1007/s00221-016-4702-9.

Deubel H, Schneider WX. Saccade target selection and object recognition:
evidence for a common attentional mechanism. Vision Res 36: 1827–1837,
1996. doi:10.1016/0042-6989(95)00294-4.

Deubel H, Wolf W, Hauske G. The evaluation of the oculomotor error signal.
Adv Psychol 22: 55–62, 1984. doi:10.1016/S0166-4115(08)61818-X.

Dorris MC, Olivier E, Munoz DP. Competitive integration of visual and
preparatory signals in the superior colliculus during saccadic programming.
J Neurosci 27: 5053–5062, 2007. doi:10.1523/JNEUROSCI.4212-06.2007.

Edelman JA, Keller EL. Dependence on target configuration of express
saccade-related activity in the primate superior colliculus. J Neurophysiol
80: 1407–1426, 1998.

Eggert T, Sailer U, Ditterich J, Straube A. Differential effect of a distractor
on primary saccades and perceptual localization. Vision Res 42: 2969–2984,
2002. doi:10.1016/S0042-6989(02)00392-9.

Engbert R, Mergenthaler K. Microsaccades are triggered by low retinal
image slip. Proc Natl Acad Sci USA 103: 7192–7197, 2006. doi:10.1073/
pnas.0509557103.

Everling S, Dorris MC, Klein RM, Munoz DP. Role of primate superior
colliculus in preparation and execution of anti-saccades and pro-saccades. J
Neurosci 19: 2740–2754, 1999.

Findlay JM. Global visual processing for saccadic eye movements. Vision Res
22: 1033–1045, 1982. doi:10.1016/0042-6989(82)90040-2.

Findlay JM, Blythe HI. Saccade target selection: Do distractors affect
saccade accuracy? Vision Res 49: 1267–1274, 2009. doi:10.1016/j.visres.
2008.07.005.

Findlay JM, Brogan D, Wenban-Smith MG. The spatial signal for saccadic
eye movements emphasizes visual boundaries. Percept Psychophys 53:
633–641, 1993. doi:10.3758/BF03211739.

Findlay JM, Kapoula Z. Scrutinization, spatial attention, and the spatial
programming of saccadic eye movements. Q J Exp Psychol A 45: 633–647,
1992. doi:10.1080/14640749208401336.

Folk CL, Remington R. Selectivity in distraction by irrelevant featural singletons:
evidence for two forms of attentional capture. J Exp Psychol Hum Percept
Perform 24: 847–858, 1998. doi:10.1037/0096-1523.24.3.847.

Folk CL, Remington RW, Johnston JC. Involuntary covert orienting is
contingent on attentional control settings. J Exp Psychol Hum Percept
Perform 18: 1030–1044, 1992. doi:10.1037/0096-1523.18.4.1030.

Folk CL, Remington RW, Wright JH. The structure of attentional control:
contingent attentional capture by apparent motion, abrupt onset, and color.
J Exp Psychol Hum Percept Perform 20: 317–329, 1994. doi:10.1037/0096-
1523.20.2.317.

Franconeri SL, Simons DJ, Junge JA. Searching for stimulus-driven shifts of
attention. Psychon Bull Rev 11: 876–881, 2004. doi:10.3758/BF03196715.

1121AUTOMATIC AND INTENTIONAL INFLUENCES ON SACCADE LANDING

J Neurophysiol • doi:10.1152/jn.00141.2017 • www.jn.org

 by 10.220.32.246 on A
ugust 8, 2017

http://jn.physiology.org/
D

ow
nloaded from

 

https://doi.org/10.1097/00006324-200006000-00012
https://doi.org/10.1097/00006324-200006000-00012
https://doi.org/10.1152/jn.00818.2003
https://doi.org/10.3758/BF03205306
https://doi.org/10.1523/JNEUROSCI.2234-11.2011
https://doi.org/10.3758/BF03193543
https://doi.org/10.1073/pnas.0907658106
https://doi.org/10.1007/s00221-016-4650-4
https://doi.org/10.1016/S0042-6989(99)00133-9
https://doi.org/10.1007/s00221-015-4227-7
https://doi.org/10.1016/0042-6989(87)90185-4
https://doi.org/10.2466/pms.1972.34.2.499
https://doi.org/10.2466/pms.1972.34.2.499
https://doi.org/10.1007/s00221-016-4702-9
https://doi.org/10.1016/0042-6989(95)00294-4
https://doi.org/10.1016/S0166-4115(08)61818-X
https://doi.org/10.1523/JNEUROSCI.4212-06.2007
https://doi.org/10.1016/S0042-6989(02)00392-9
https://doi.org/10.1073/pnas.0509557103
https://doi.org/10.1073/pnas.0509557103
https://doi.org/10.1016/0042-6989(82)90040-2
https://doi.org/10.1016/j.visres.2008.07.005
https://doi.org/10.1016/j.visres.2008.07.005
https://doi.org/10.3758/BF03211739
https://doi.org/10.1080/14640749208401336
https://doi.org/10.1037/0096-1523.24.3.847
https://doi.org/10.1037/0096-1523.18.4.1030
https://doi.org/10.1037/0096-1523.20.2.317
https://doi.org/10.1037/0096-1523.20.2.317
https://doi.org/10.3758/BF03196715
http://jn.physiology.org/


Glimcher PW, Sparks DL. Representation of averaging saccades in the
superior colliculus of the monkey. Exp Brain Res 95: 429–435, 1993.
doi:10.1007/BF00227135.

Godijn R, Theeuwes J. Programming of endogenous and exogenous sac-
cades: evidence for a competitive integration model. J Exp Psychol Hum
Percept Perform 28: 1039–1054, 2002. doi:10.1037/0096-1523.28.5.1039.

He PY, Kowler E. The role of location probability in the programming of
saccades: implications for “center-of-gravity” tendencies. Vision Res 29:
1165–1181, 1989. doi:10.1016/0042-6989(89)90063-1.

Heeman J, Theeuwes J, Van der Stigchel S. The time course of top-down
control on saccade averaging. Vision Res 100: 29–37, 2014. doi:10.1016/j.
visres.2014.03.007.

Hochstein S, Ahissar M. View from the top: hierarchies and reverse hierar-
chies in the visual system. Neuron 36: 791–804, 2002. doi:10.1016/S0896-
6273(02)01091-7.

Hoffman JE, Subramaniam B. The role of visual attention in saccadic eye
movements. Percept Psychophys 57: 787–795, 1995. doi:10.3758/BF03206794.

Irwin DE, Colcombe AM, Kramer AF, Hahn S. Attentional and oculomotor
capture by onset, luminance and color singletons. Vision Res 40: 1443–1458,
2000. doi:10.1016/S0042-6989(00)00030-4.

Isa T, Hall WC. Exploring the superior colliculus in vitro. J Neurophysiol
102: 2581–2593, 2009. doi:10.1152/jn.00498.2009.

Itti L, Koch C. Computational modelling of visual attention. Nat Rev Neurosci
2: 194–203, 2001. doi:10.1038/35058500.

Jacobs AM. On localization and saccade programming. Vision Res 27:
1953–1966, 1987. doi:10.1016/0042-6989(87)90060-5.

Jonides J, Yantis S. Uniqueness of abrupt visual onset in capturing attention.
Percept Psychophys 43: 346–354, 1988. doi:10.3758/BF03208805.

Lee P, Hall WC. An in vitro study of horizontal connections in the interme-
diate layer of the superior colliculus. J Neurosci 26: 4763–4768, 2006.
doi:10.1523/JNEUROSCI.0724-06.2006.

Ludwig CJH, Eckstein MP, Beutter BR. Limited flexibility in the filter
underlying saccadic targeting. Vision Res 47: 280–288, 2007. doi:10.1016/
j.visres.2006.09.009.

Ludwig CJH, Gilchrist ID. Goal-driven modulation of oculomotor capture.
Percept Psychophys 65: 1243–1251, 2003. doi:10.3758/BF03194849.

Ludwig CJH, Ranson A, Gilchrist ID. Oculomotor capture by transient
events: a comparison of abrupt onsets, offsets, motion, and flicker. J Vis 8:
1–16, 2008. doi:10.1167/8.14.11.

Marino RA, Levy R, Munoz DP. Linking express saccade occurance to
stimulus properties and sensorimotor integration in the superior colliculus. J
Neurophysiol 114: 879–892, 2015. doi:10.1152/jn.00047.2015.

Marino RA, Trappenberg TP, Dorris M, Munoz DP. Spatial interactions in
the superior colliculus predict saccade behavior in a neural field model. J
Cogn Neurosci 24: 315–336, 2012. doi:10.1162/jocn_a_00139.

McSorley E, Findlay JM. Saccade target selection in visual search: accuracy
improves when more distractors are present. J Vis 3: 877–892, 2003.
doi:10.1167/3.11.20.

Meeter M, Van der Stigchel S, Theeuwes J. A competitive integration model
of exogenous and endogenous eye movements. Biol Cybern 102: 271–291,
2010. doi:10.1007/s00422-010-0365-y.

Mehta AD, Ulbert I, Schroeder CE. Intermodal selective attention in mon-
keys. I: distribution and timing of effects across visual areas. Cereb Cortex
10: 343–358, 2000. doi:10.1093/cercor/10.4.343.

Moschovakis AK, Scudder CA, Highstein SM. The microscopic anatomy
and physiology of the mammalian saccadic system. Prog Neurobiol 50:
133–254, 1996.

Ottes FP, Van Gisbergen JA, Eggermont JJ. Metrics of saccade responses
to visual double stimuli: two different modes. Vision Res 24: 1169–1179,
1984. doi:10.1016/0042-6989(84)90172-X.

Ottes FP, Van Gisbergen JAM, Eggermont JJ. Latency dependence of
colour-based target vs. nontarget discrimination by the saccadic system.
Vision Res 25: 849–862, 1985. doi:10.1016/0042-6989(85)90193-2.

Proudlock FA, Gottlob I. Physiology and pathology of eye-head coordina-
tion. Prog Retin Eye Res 26: 486–515, 2007. doi:10.1016/j.preteyeres.2007.
03.004.

Rizzolatti G, Riggio L, Dascola I, Umiltá C. Reorienting attention across the
horizontal and vertical meridians: evidence in favor of a premotor theory of
attention. Neuropsychologia 25: 31–40, 1987. doi:10.1016/0028-3932(87)
90041-8.

Serences JT, Yantis S. Selective visual attention and perceptual coherence.
Trends Cogn Sci 10: 38–45, 2006. doi:10.1016/j.tics.2005.11.008.

Sheliga BM, Riggio L, Craighero L, Rizzolatti G. Spatial attention-deter-
mined modifications in saccade trajectories. Neuroreport 6: 585–588, 1995.
doi:10.1097/00001756-199502000-00044.

Shepherd M, Findlay JM, Hockey RJ. The relationship between eye move-
ments and spatial attention. Q J Exp Psychol A 38: 475–491, 1986.
doi:10.1080/14640748608401609.

Silvis JD, Van der Stigchel S. How memory mechanisms are a key compo-
nent in the guidance of our eye movements: evidence from the global effect.
Psychon Bull Rev 21: 357–362, 2014. doi:10.3758/s13423-013-0498-9.

Theeuwes J. Endogenous and exogenous control of visual selection. Percep-
tion 23: 429–440, 1994. doi:10.1068/p230429.

Theeuwes J, Kramer AF, Hahn S, Irwin DE. Our eyes do not always go
where we want them to go: capture of the eyes by new objects. Psychol Sci
9: 379–385, 1998. doi:10.1111/1467-9280.00071.

Theeuwes J, Kramer AF, Hahn S, Irwin DE, Zelinsky GJ. Influence of
attentional capture on oculomotor control. J Exp Psychol Hum Percept
Perform 25: 1595–1608, 1999. doi:10.1037/0096-1523.25.6.1595.

Tipper SP, Howard LA, Jackson SR. Selective reaching to grasp: evidence
for distractor interference effects. Vis Cogn 4: 1–38, 1997. doi:10.1080/
713756749.

Trappenberg TP, Dorris MC, Munoz DP, Klein RM. A model of saccade
initiation based on the competitive integration of exogenous and endogenous
signals in the superior colliculus. J Cogn Neurosci 13: 256–271, 2001.
doi:10.1162/089892901564306.

Van der Stigchel S, de Vries JP. There is no attentional global effect:
Attentional shifts are independent of the saccade endpoint. J Vis 15: 17,
2015. doi:10.1167/15.15.17.

Van der Stigchel S, de Vries JP, Bethlehem R, Theeuwes J. A global effect
of capture saccades. Exp Brain Res 210: 57–65, 2011. doi:10.1007/s00221-
011-2602-6.

Van der Stigchel S, Heeman J, Nijboer TCW. Averaging is not everything:
the saccade global effect weakens with increasing stimulus size. Vision Res
62: 108–115, 2012. doi:10.1016/j.visres.2012.04.003.

Van der Stigchel S, Mulckhuyse M, Theeuwes J. Eye cannot see it: the
interference of subliminal distractors on saccade metrics. Vision Res 49:
2104–2109, 2009. doi:10.1016/j.visres.2009.05.018.

Van der Stigchel S, Nijboer TCW. The global effect: what determines where
the eyes land? J Eye Mov Res 4: 1–13, 2011. doi:10.16910/jemr.4.2.3.

Van der Stigchel S, Nijboer TCW. How global is the global effect? The
spatial characteristics of saccade averaging. Vision Res 84: 6–15, 2013.
doi:10.1016/j.visres.2013.03.006.

Van der Stigchel S, Theeuwes J. Relation between saccade trajectories and
spatial distractor locations. Brain Res Cogn Brain Res 25: 579–582, 2005.
doi:10.1016/j.cogbrainres.2005.08.001.

van Opstal AJ, van Gisbergen JAM. Role of monkey superior colliculus
in saccade averaging. Exp Brain Res 79: 143–149, 1990. doi:10.1007/
BF00228883.

van Zoest W, Donk M, Theeuwes J. The role of stimulus-driven and
goal-driven control in saccadic visual selection. J Exp Psychol Hum Percept
Perform 30: 746–759, 2004. doi:10.1037/0096-1523.30.4.749.

van Zoest W, Donk M, Van der Stigchel S. Stimulus-salience and the
time-course of saccade trajectory deviations. J Vis 12: 16, 2012. doi:10.
1167/12.8.16.

Viswanathan J, Barton JJS. The global effect for antisaccades. Exp Brain
Res 225: 247–259, 2013. doi:10.1007/s00221-012-3366-3.

Vitu F. About the global effect and the critical role of retinal eccentricity:
implications for eye movements in reading. J Eye Mov Res 2: 1–18, 2008.
doi:10.16910/jemr.2.3.6.

Vitu F, Lancelin D, Jean A, Farioli F. Influence of foveal distractors on
saccadic eye movements: a dead zone for the global effect. Vision Res 46:
4684–4708, 2006. doi:10.1016/j.visres.2006.08.029.

Walker R, Deubel H, Schneider WX, Findlay JM. Effect of remote distrac-
tors on saccade programming: evidence for an extended fixation zone. J
Neurophysiol 78: 1108–1119, 1997.

Wu S-C, Remington RW. Characteristics of covert and overt visual orienting:
evidence from attentional and oculomotor capture. J Exp Psychol Hum
Percept Perform 29: 1050–1067, 2003. doi:10.1037/0096-1523.29.5.1050.

Wu S-C, Remington RW, Folk CL. Onsets do not override top-down goals,
but they are responded to more quickly. Atten Percept Psychophys 76:
649–654, 2014. doi:10.3758/s13414-014-0637-z.

Yantis S. Stimulus-driven attentional capture and attentional control settings.
J Exp Psychol Hum Percept Perform 19: 676–681, 1993. doi:10.1037/0096-
1523.19.3.676.

1122 AUTOMATIC AND INTENTIONAL INFLUENCES ON SACCADE LANDING

J Neurophysiol • doi:10.1152/jn.00141.2017 • www.jn.org

 by 10.220.32.246 on A
ugust 8, 2017

http://jn.physiology.org/
D

ow
nloaded from

 

https://doi.org/10.1007/BF00227135
https://doi.org/10.1037/0096-1523.28.5.1039
https://doi.org/10.1016/0042-6989(89)90063-1
https://doi.org/10.1016/j.visres.2014.03.007
https://doi.org/10.1016/j.visres.2014.03.007
https://doi.org/10.1016/S0896-6273(02)01091-7
https://doi.org/10.1016/S0896-6273(02)01091-7
https://doi.org/10.3758/BF03206794
https://doi.org/10.1016/S0042-6989(00)00030-4
https://doi.org/10.1152/jn.00498.2009
https://doi.org/10.1038/35058500
https://doi.org/10.1016/0042-6989(87)90060-5
https://doi.org/10.3758/BF03208805
https://doi.org/10.1523/JNEUROSCI.0724-06.2006
https://doi.org/10.1016/j.visres.2006.09.009
https://doi.org/10.1016/j.visres.2006.09.009
https://doi.org/10.3758/BF03194849
https://doi.org/10.1167/8.14.11
https://doi.org/10.1152/jn.00047.2015
https://doi.org/10.1162/jocn_a_00139
https://doi.org/10.1167/3.11.20
https://doi.org/10.1007/s00422-010-0365-y
https://doi.org/10.1093/cercor/10.4.343
https://doi.org/10.1016/0042-6989(84)90172-X
https://doi.org/10.1016/0042-6989(85)90193-2
https://doi.org/10.1016/j.preteyeres.2007.03.004
https://doi.org/10.1016/j.preteyeres.2007.03.004
https://doi.org/10.1016/0028-3932(87)90041-8
https://doi.org/10.1016/0028-3932(87)90041-8
https://doi.org/10.1016/j.tics.2005.11.008
https://doi.org/10.1097/00001756-199502000-00044
https://doi.org/10.1080/14640748608401609
https://doi.org/10.3758/s13423-013-0498-9
https://doi.org/10.1068/p230429
https://doi.org/10.1111/1467-9280.00071
https://doi.org/10.1037/0096-1523.25.6.1595
https://doi.org/10.1080/713756749
https://doi.org/10.1080/713756749
https://doi.org/10.1162/089892901564306
https://doi.org/10.1167/15.15.17
https://doi.org/10.1007/s00221-011-2602-6
https://doi.org/10.1007/s00221-011-2602-6
https://doi.org/10.1016/j.visres.2012.04.003
https://doi.org/10.1016/j.visres.2009.05.018
https://doi.org/10.16910/jemr.4.2.3
https://doi.org/10.1016/j.visres.2013.03.006
https://doi.org/10.1016/j.cogbrainres.2005.08.001
https://doi.org/10.1007/BF00228883
https://doi.org/10.1007/BF00228883
https://doi.org/10.1037/0096-1523.30.4.749
https://doi.org/10.1167/12.8.16
https://doi.org/10.1167/12.8.16
https://doi.org/10.1007/s00221-012-3366-3
https://doi.org/10.16910/jemr.2.3.6
https://doi.org/10.1016/j.visres.2006.08.029
https://doi.org/10.1037/0096-1523.29.5.1050
https://doi.org/10.3758/s13414-014-0637-z
https://doi.org/10.1037/0096-1523.19.3.676
https://doi.org/10.1037/0096-1523.19.3.676
http://jn.physiology.org/

