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Abstract Recent research has shown that reward learning can
modulate oculomotor and attentional capture by physically
salient and task-irrelevant distractor stimuli, even when
directing gaze to those stimuli is directly counterproductive
to receiving reward. This value-modulated oculomotor cap-
ture effect may reflect biased competition in the oculomotor
system, such that the relationship between a stimulus feature
and reward enhances that feature’s representation on an inter-
nal priority map. However, it is also possible that this effect is
a result of reward reducing the threshold for a saccade to be
made to salient items. Here, we demonstrate value-modulated
oculomotor capture when two reward-associated distractor
stimuli are presented simultaneously in the same search dis-
play. The influence of reward on oculomotor capture is found
to be most prominent at the shortest saccade latencies. We
conclude that the value-modulated oculomotor capture effect
is a consequence of biased competition on the saccade priority
map and cannot be explained by a general reduction in sac-
cadic threshold.

Keywords Eyemovements and visual attention . Attentional
capture . Attention in learning

Traditionally, attention has been argued to be subject to two
different types of control: one that is volitional and goal di-
rected (top-down control) and another that is automatic and

stimulus driven (bottom-up control) (Yantis, 2000). Recently,
however, a case has been made for a third category of influ-
ences on attentional selection that is neither goal directed nor
stimulus driven. Specifically, it has been suggested that our
attention is influenced by what we have learned about how
stimuli relate to other events in the environment (Anderson,
2013; Awh, Belopolsky, & Theeuwes, 2012; Chelazzi,
Perlato, Santandrea, & Della Libera, 2013; Le Pelley,
Mitchell, Beesley, George, & Wills, 2016; Le Pelley,
Pearson, Griffiths, & Beesley, 2015; Mitchell & Le Pelley,
2010).

The suggestion that attention and learning might interact
has a long history in the conditioning literature (Kamin, 1968;
Mackintosh, 1975; Trabasso & Bower, 1968; for a review, see
Le Pelley, 2004). However, recent work—much of it from the
lab of Steven Yantis—has reinvigorated this idea by demon-
strating conclusively that learning about the relationships be-
tween stimuli and rewards influences the likelihood that those
stimuli will automatically capture attention (e.g., Anderson,
Laurent, & Yantis, 2011a, 2011b; Anderson & Yantis, 2012;
Della Libera & Chelazzi, 2009; Failing & Theeuwes, 2014;
Hickey, Chelazzi, & Theeuwes, 2010, 2011; Le Pelley et al.,
2015; Pearson, Donkin, Tran, Most, & Le Pelley, 2015;
Rutherford, O’Brien, & Raymond, 2010; Theeuwes &
Belopolsky, 2012; for a systematic review, see Le Pelley
et al., 2016). Specifically, these studies demonstrate that stim-
uli associated with high-value rewards are more likely to cap-
ture attention than equally salient stimuli that are associated
with low rewards (or no reward). For example, Anderson et al.
(2011b) gave participants extensive pretraining on a visual
search task in which red and green circles defined the targets
and also signalled the reward magnitude that would be earned
for a rapid response to those targets. If the target circle was
rendered in (say) red, participants would receive a relatively
large reward (5¢) for a rapid correct keypress response,
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whereas if the target was rendered in green, the participant
would receive a relatively small reward (1¢) for the same
response. Thus, in the example given here, red acted as the
high-value colour and green acted as the low-value colour
(these colour–reward contingencies were reversed for half of
the participants). In a subsequent test phase, the target was
defined by shape (e.g., a diamond in an array of circles), and
participants no longer received rewards for their responses. On
50 % of trials in the test phase, one of the nontarget shapes
(termed the distractor) was rendered in either the high-value
colour or the low-value colour. The critical finding was that
the distractor rendered in the high-value colour was more like-
ly to capture attention than a distractor that had never been
rewarded. This occurred despite the fact that participants were
explicitly informed that colour was no longer relevant to the
task during the test phase and that all shapes in the search
display were uniquely coloured, such that the reward-
associated distractor was not physically salient. This was tak-
en as evidence to suggest that reward learning influences at-
tentional capture separately from stimulus-driven and goal-
directed processes.

Similar effects have been reported in studies of eye move-
ments. For example, Theeuwes and Belopolsky (2012) used a
gaze-contingent visual search task that was conceptually sim-
ilar to Anderson et al. (2011b), in which participants were
required to make a saccade to a target stimulus (a horizontal
or vertical bar) presented in an array of other shapes during an
initial pretraining phase. If the participant made an accurate
and fast saccade to one of these target stimuli, they would
receive a high-value reward, whereas those to the other target
stimulus were followed by relatively low-value reward. In a
subsequent test phase in which participants were to make a
saccade to a colour-defined target, eye gaze was more likely to
be captured by a distractor that had the shape that was previ-
ously paired with high-value rewards, compared to the shape
that had been paired with low-value rewards.

A common feature of both of these studies is that the stim-
uli that captured attention during the critical test phase were
task relevant during the initial training phase. That is, partic-
ipants needed to quickly orient to the target stimulus in order
to earn the reward for that trial. This raises the possibility that
the attentional capture by these stimuli in the test phase (where
attending to the stimulus was no longer relevant to the partic-
ipant’s goals) was simply a carryover of the attentional and/or
oculomotor orienting response that was initially trained. It is
well known from the reward-learning literature that following
an action with reward increases the likelihood that the action
will occur in the future (Thorndike’s law of effect; Thorndike,
1911). Perhaps, then, it is not surprising that a rapid orienting
response that was followed by large reward in the training
phase continues to occur in a subsequent test phase, even
when the response is no longer relevant to the task goals.
That is, it is possible that the attentional and oculomotor

orienting observed in these studies simply reflects a learned
(conditioned) response that is automatically reenacted when-
ever the relevant conditioned stimulus appears (see also
Beesley, Pearson, & Le Pelley, 2015).

However, a recent series of studies by Le Pelley et al. (2015;
see also Pearson et al., 2015) has demonstrated that reward value
modulates attentional and oculomotor capture, even when at-
tending to the reward-predicting stimulus has never been task
relevant. For example, in Le Pelley et al.’s Experiment 3, partic-
ipants engaged in a gaze-contingent visual search task in which
they were required to make a rapid saccade towards a shape
singleton target (a diamond in an array of circles). Onmost trials,
a colour-singleton distractor circle was present in the display,
rendered in either red or blue (all other shapes were grey).
Critically, the colour of this distractor signalled the size of the
reward available on that trial. For example, a red distractor might
signal that a rapid saccade to the diamond target would earn a
large reward (10¢), whereas a blue distractor signalled that a
rapid saccade to the target would earn a small reward (1¢).
Note that while the coloured distractor signalled reward magni-
tude, it was not the target that participants were required to
respond to in order to obtain that reward; in this sense, it was
task-irrelevant. Indeed the task was arranged such that if ever
any gaze was recorded on or near the distractor circle prior to
looking at the target, the reward that would otherwise have been
delivered on that trial was cancelled: These trials were called
omission trials. Therefore, throughout the experiment, partici-
pants were never rewarded for shifting their gaze to the colour-
singleton distractor. In fact, making an eye movement to the
distractor was directly counterproductive because it cancelled
the reward and hence resulted in a lower payoff for participants.
Nevertheless, participants triggered more omission trials when
the high-value distractor was present in the display than when
the low-value distractor was present. That is, participants were
more likely to make eye movements towards the high-value
distractor than the low-value distractor, even though this led to
the cancellation of more high-value rewards than low-value re-
wards. This suggests that people develop an attentional and oc-
ulomotor bias towards stimulus features that signal high reward,
even when orienting to those features has never been relevant to
obtaining the reward. We have termed this effect value-modu-
lated oculomotor capture (VMOC; Pearson et al, 2015).

Given that the distractor stimulus in the search display of
Le Pelley et al.’s (2015) procedure was physically salient
(since it was a colour singleton), we might expect it to capture
attention and eye movements on the basis of this physical
salience in a stimulus-driven fashion (Theeuwes, 1992,
1994; Theeuwes, Kramer, Hahn, Irwin, & Zelinsky, 1999).
However, the results of this study show that the physical char-
acteristics of the stimuli cannot be the only determinants of
attentional capture, because the salience of the high- and low-
value distractors was matched across participants by
counterbalancing. The implication is that the likelihood of
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capture is also influenced by learning about the size of the
reward signalled by the distractor, independently of its phys-
ical salience (hence our description of value-modulated, rather
than value-driven, capture). Furthermore, as the VMOC effect
is directly counterproductive to the participant’s goal of max-
imizing reward, it seems that the processes responsible are
automatic rather than being under the control of a top-down
selection strategy (see also Pearson et al., 2015). In line with
this idea, it has been suggested that pairing a particular stim-
ulus feature (e.g., red colour) with reward increases the
strength of that feature’s representation on attentional (Awh
et al., 2012) and saccadic (Belopolsky, 2015; Theeuwes &
Belopolsky, 2012) priority maps.

Several models of oculomotor selection have suggested that
the relative priorities of all stimuli in the visual field are repre-
sented on a topographical saccade map (e.g., Itti & Koch, 2001;
Li, 2002; Wolfe, Cave, & Franzel, 1989), which is generally
argued to be located in the superior colliculus (e.g., Godijn &
Theeuwes, 2002; Trappenberg, Dorris, Munoz, & Klein, 2001).
The activity on this map determines which stimuli are selected
by the visual system, with eye movements and attention being
directed to the object that generates the largest peak of activity. In
many of these models, the strength of a stimulus’ representation
on the map is purely a consequence of its stimulus-driven sa-
lience, such that the more physically distinct a stimulus is from
its surroundings, the greater its associated activity (e.g., Itti &
Koch, 2001; Li, 2002). However, several findings have sug-
gested that the priority map also incorporates goal-directed in-
puts to the oculomotor system (albeit more slowly) through a
process of competitive integration (Godijn & Theeuwes, 2002;
Meeter, Van der Stigchel, & Theeuwes, 2010; Trappenberg
et al., 2001). According to this competitive integration model
(Godijn & Theeuwes, 2002), when a search display containing a
target and a colour-singleton distractor is presented to an observ-
er, two peaks of activity are produced on the saccade map.
Activity at each of these locations is assumed to spread to nearby
locations, while inhibiting more distant activity. Once the activ-
ity at one point on the map passes a certain threshold, a saccade
is made towards that location. This model can be usefully ap-
plied to a number of phenomena that arise from placing goal-
directed and stimulus-driven activity in competition with one
another. For example, when a salient onset distractor is presented
in a relatively distant location from a target, the latency of correct
saccades to the target is increased (remote distractor effect;
Godijn & Theeuwes, 2002). This suggests that the stimulus-
driven saccadic activity associated with the salient distractor
inhibits the goal-directed saccadic activity associated with
the target, such that it takes longer for the target program
to reach the threshold for a saccade to be made.

According to the competitive integration account, as it was
originally formulated, early saccades are driven purely by the
physical salience of a stimulus, whereas the effect of goal-
directed, top-down influences can be observed on slower

saccades. However, as noted earlier, recent studies have iden-
tified an influence of reward prediction as a distinct influence
on attention. This raises the question of how reward exerts its
effect on the saccade map in the process of competitive inte-
gration. In particular, if early competition in the saccade map
is purely driven by the physical salience of a stimulus, with
other nonsensory signals being integrated at a later stage (as is
commonly assumed; e.g., Donk & van Zoest, 2008; Godijn &
Theeuwes, 2002; Ludwig & Gilchrist, 2002, 2003a, 2003b;
Mulckhuyse, van Zoest, & Theeuwes, 2008; van Zoest, Donk,
& Theeuwes, 2004), thenwe should expect to see no influence
of reward on early saccades; instead, as in the case of goal-
directed influences, an effect of reward may emerge only for
slower eye movements. In contrast, if reward exerts its influ-
ence early on in visual processing, either by enhancing the
bottom-up salience signal of the reward-associated stimulus
in low-level cortex (Hickey et al., 2010) or through indepen-
dent inputs to the saccade map that engage in direct competi-
tion with the bottom-up salience signal (Belopolsky, 2015),
we would expect the effect of reward to be largest when sac-
cade latency is short, because the slow, top-down target selec-
tion process has yet to be engaged. The experiments described
in the current article provide a direct test of this idea.

As noted above, previous studies (Le Pelley et al., 2015;
Pearson et al., 2015) have demonstrated that reward exerts an
influence on oculomotor capture by task-irrelevant stimuli that
is independent of physical salience in speeded search tasks,
which might suggest that reward influences early competition
on the saccade map. However, in these studies, the critical
reward-predicting stimulus was a physically salient colour
singleton. As a result, it is possible that the observed influence
of reward on eye movements was not a consequence of
reward enhancing activity at the locations of reward-related
features on the saccade map at all. Instead, it may be the case
that the presence of a stimulus feature associated with a high-
value reward simply lowers the threshold for a bottom-up
saccade to be made to any salient stimulus (Theeuwes &
Belopolsky, 2012; see also Anderson, Lauren, & Yantis,
2013). Thus, oculomotor capture by the salient reward-
associated distractor is more likely on high-value trials than
on low-value trials, because the threshold that the associated
saccadic activity has to exceed is reduced relative to low-value
trials. On this account, the pairing of a particular stimulus
feature with reward does not increase the likelihood for that
feature to capture attention and eye movements in the future,
per se. Rather, the presence of a reward-associated stimulus
lowers the threshold for a saccade to be made to any salient
stimulus, regardless of whether it possesses the reward asso-
ciated feature. Notably, this hypothesis is consistent with find-
ings from primate research, which demonstrate that the expec-
tation of reward disinhibits the activity of neurons in the su-
perior colliculus via feedback connections from reward-
processing structures such as the basal ganglia (Ikeda &
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Hikosaka, 2003). In principle, the increased rate of baseline
activity resulting from this disinhibition should make it easier
for stimulus-evoked activity from other bottom-up inputs to
elicit saccades (Vokoun,Mahamed, &Basso, 2011), effective-
ly lowering the saccade threshold.

A recent study by Failing, Nissens, Pearson, Le Pelley, and
Theeuwes (2015) goes some way towards empirically assessing
this latter account of VMOC. In this study, participants complet-
ed the gaze-contingent visual search task used by Le Pelley et al.
(2015), but all stimuli in the search display were rendered in
different colours, so that the reward-predicting distractors (red
and blue circles) were no longer colour singletons and hence not
physically salient. Nevertheless, a VMOC effect occurred; par-
ticipants were more likely to look at (and hence trigger omission
trials for) the high-value distractor than the low-value distractor.
Furthermore, the VMOC effect was found to be largest at short
saccade latencies—a pattern that is very similar to what has
previously been observed in oculomotor capture by physically
salient stimuli (e.g., Donk& van Zoest, 2008). This is consistent
with the idea that reward exerts an influence on low-level ocu-
lomotor competition in the saccade map. However, because all
of the stimuli in the display were nonsalient, we would not
expect the reward-associated distractors to generate any more
bottom-up saccadic activity than any other stimulus in the dis-
play. Thus, while Failing et al.’s findings demonstrate that re-
ward exerts its influence at an earlier stage of processing than
goal-directed target selection does, it remains unclear whether
reward value and physical salience engage in direct competition
on the saccade map such that reward influences the very fastest
saccades. That is, rapidly initiated saccadesmay be driven purely
by the physical salience of stimuli in the visual field, whereas
slow saccades are influenced by top-down target selection pro-
cesses, and reward exerts its influence on saccades with an in-
termediate latency.

The current experiments aimed to establish more clearly
whether reward influences early competition on the saccade
map, using a variant of Le Pelley et al.’s (2015) VMOC proce-
dure with task-irrelevant distractors. On themajority of trials, the
reward-predicting distractors were salient colour singletons, as
in our previous work. However, on a subset of trials, participants
were presented with both reward-predicting distractors (i.e., the
high-value and low-value distractors) in the same search display.
Hence, on these Bboth-distractor^ trials, the display contained
two task-irrelevant, coloured items of equivalent physical sa-
lience. If reward value influences oculomotor capture by reduc-
ing the threshold for a bottom-up saccade to a physically salient
stimulus, we would expect oculomotor capture to be equally
distributed between the two equally salient distractors. If, how-
ever, reward value influences competition on the saccade map,
gaze should be preferentially captured by the high-value
distractor rather than the low-value distractor, on both-
distractor trials. In particular, if this pattern of greater oculomotor
capture by the high-value distractor were apparent for the most

rapidly initiated saccades, then this would suggest that early
competition on the saccade map is modulated by reward predic-
tion and is not merely a function of physical salience.

Experiment 1

Method

Participants Previous studies (Failing et al., 2015; Le Pelley
et al., 2015; Pearson et al., 2015) have found medium to very
large effect sizes for the single-distractor VMOC effect
(Cohen’s d ≈ 0.54–2.2). Thus, we ran the experiment for as
many days as required to test 40 participants, which would
give us power of ~0.87 to detect an effect size of d = 0.5. In
total, 42 UNSWAustralia students (mean age = 21.4, SEM =
0.72, 10 females) participated for course credit. They also
received a monetary bonus dependent upon their performance
(M = 13.16 AUD, SEM = 0.43 AUD). All research reported in
this article was approved by the Human Research Ethics
Advisory Panel (Psychology) of UNSWAustralia.

Apparatus Participants were tested individually using a Tobii
TX300 eye tracker, with 300 Hz temporal and 0.15° spatial
resolution, mounted on a 23-inch monitor (1920 × 1280 resolu-
tion, 60 Hz refresh rate). Participants’ heads were positioned in a
chin rest 60 cm from the screen. For gaze-contingent calcula-
tions, the experiment script sampled from the eye tracker every
10 ms, with current gaze location defined as the average gaze
location during the preceding 10ms sample. The eye tracker was
calibrated prior to the practice phase, prior to the main experi-
ment, and twice more during the experiment (after seven blocks,
and after 14 blocks). Stimulus presentation was controlled by
MATLAB using Psychophysics Toolbox extensions (Brainard,
1997; Kleiner et al., 2007; Pelli, 1997).

Stimuli Each trial consisted of a fixation display, a search dis-
play, and a feedback display (see Fig. 1). All stimuli were pre-
sented on a black background. The fixation display consisted of
a white cross (0.5 degrees of visual angle; dva) presented in the
centre of the screen, inside a white circle (3.0 dva). The search
display consisted of the fixation cross surrounded by six filled
shapes (2.3 × 2.3 dva) equally distributed on an imaginary ring
with diameter 10.1 dva. The first stimulus was positioned direct-
ly above the fixation cross. Five of the shapes were circles (non-
targets), and one was a diamond (target). The diamond and three
of the circles were always rendered in grey. The remaining two
circles were rendered in either red, green, or the same shade of
grey as the other shapes (CIE x, y, chromaticity coordinates of
.602/.371 for red, .260/.588 for green, and .326/.388 for grey)
depending on the trial type (see Design section). The values of
red and green had similar luminance (~40 cd/m2), which was
higher than that of grey (14.2 cd/m2). The feedback screen
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displayed the points earned on the previous trial as well as the
total points accumulated in the experiment. If response time
(RT) was greater than the soft-timeout threshold (see below),
the message BToo slow^ appeared below the feedback that the
reward was 0 points for the trial.

Design For half of the participants, red was the high-value
colour and green was the low-value colour; these colour–re-
ward relationships were reversed for the other half of partici-
pants. There were four different types of trial: (1) trials in
which one of the nontarget circles was rendered in the high-
value colour (henceforth referred to as high-single distractor
trials), (2) trials in which one of the nontarget circles was

rendered in the low-value colour (low-single distractor trials),
(3) trials in which all nontarget circles were rendered in grey
(distractor-absent trials), and (4) trials in which one of the
nontarget circles (the high-value distractor) was rendered in
the high-value colour and another non-target circle (the low-
value distractor) was rendered in the low-value colour (both-
distractor trials). The experiment comprised 21 blocks of 34
trials each, for a total of 714 experimental trials. Each block
consisted of 12 high-single distractor trials, 12 low-single
distractor trials, six both-distractor trials, and four distractor-
absent trials, in random order.

On each trial, the location of the target was randomly de-
termined. On high-single and low-single distractor trials, the

Fig. 1 Sequence of trial events in Experiment 1. Participants responded
by moving their eyes to the diamond-shaped target. One of the nontarget
circles that was either one or two positions away from the target was
designated as the distractor. On both-distractor trials, another nontarget
circle that was equidistant from the target was designated as a second
distractor. These distractor circles could be rendered in either red or
green, depending on the trial type. Fast responses were followed by
a reward of points that were converted into money at the end of the
experiment. When there was a single distractor rendered in the high-
value colour (high-single distractor trials), large reward was

available for a fast eye movement to the target. When there was a
single distractor rendered in the low-value colour (low-single
distractor trials), small reward was available. When one distractor
was rendered in the high-value colour and another distractor was
rendered in the low-value colour (both-distractor trials), or when
no distractor was present in the display (distractor-absent trials),
large and small reward were equally likely. If gaze was recorded
within a region of interest surrounding the distractor(s) prior to
being registered on the target, an omission was triggered and no
reward was delivered. (Colour figure online.)
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location of the distractor was randomwith the constraint that it
was never positioned directly opposite the target but was ei-
ther one or two positions away (i.e., the polar angle between
the target and the distractor was either 60° or 120°). On both-
distractor trials, the high-value distractor was positioned with
the same constraints as above, and the low-value distractor
was positioned so as to be the same distance from the target
as the high-value distractor (i.e., if the high-value distractor
was 60° from the target in the clockwise direction, the low-
value distractor would be 60° from the target in the anticlock-
wise direction).

A small circular region of interest (ROI) with diameter 3.5
dva was defined around the centre of the diamond target; a
larger ROI (diameter 5.1 dva) was defined around each of the
distractors. A response was registered after the participant
accumulated 100 ms of gaze dwell time within the target
ROI. Responses with RTs that were slower than the soft-
timeout threshold were not rewarded; this threshold was
800 ms for the first training block and 600 ms for the subse-
quent blocks. If ever any gaze was detected within one of the
distractor ROIs, the trial was recorded as an omission trial and
the reward was not delivered. On distractor-absent trials, one
of the nontarget circles (that was either one or two positions
away from the target) was selected at random to act as the
omission-triggering location; gaze falling within an ROI sur-
rounding the selected grey circle triggered an omission in
exactly the same way as if it were a distractor.

On each trial, reward was delivered if RTwas faster than the
soft-timeout threshold and an omission trial had not been trig-
gered: 500 points on high-single distractor trials, 10 points on
low-single distractor trials, and an equal likelihood of 500 points
or 10 points on both-distractor trials1 and distractor-absent trials.

Procedure Participants were told that their task was to move
their eyes to the diamond shape on each trial and that they
could earn either 0 points, 10 points, or 500 points Bdepending
on how fast and accurate^ their response was. They were

informed that the points earned during the task would deter-
mine the monetary reward they received at the end of the
experiment and that most participants could earn between 7
and 15 AUD for good performance (no specific information
was given about the conversion rate from points to AUD). The
session began with eight unrewarded practice trials that
contained a yellow distractor, followed by the experimental
trials. Participants took a short rest break every 68 trials.

Each trial began with the presentation of the fixation
display. Participants’ gaze location was superimposed on
the display as a small yellow dot. Once 700 ms of gaze
dwell time had been recorded within the circle surround-
ing the fixation cross, or after 5 s, the cross and the circle
turned yellow, and the dot marking the participant’s gaze
location disappeared. After 300 ms the screen went blank,
and after a random period of 600, 700, or 800 ms, the
search display appeared. The trial terminated after a re-
sponse was recorded (see Design), or after 2 s (hard
timeout) had passed. The feedback display then appeared
and remained onscreen for 2,500 ms in the first experi-
mental block, and 1,500 ms in all subsequent blocks. The
intertrial interval was 700 ms.

Data analysis Following previous protocols (Le Pelley et al.,
2015; Pearson et al., 2015), data from the first two experimen-
tal trials and the first two trials after each break were
discarded. Hard timeouts (1.8 % of all trials) were also
discarded. For the remaining trials, averaging across all par-
ticipants, valid gaze location data were registered in 97.0 %
(SEM 0.6 %) of all samples. This suggests very high fidelity of
gaze data on these trials.

For the analysis of saccade latencies (i.e., the time between
the presentation of the search display and the initiation of the
first saccade), a velocity-threshold identification (I-VT) algo-
rithm (Salvucci & Goldberg, 2000) with a velocity criterion of
30 dva/s was used to detect saccades in the raw data from the
eye tracker (sampled at 300 Hz rather than 100 Hz used for the
gaze-contingent calculations). For these analyses (and again
following Le Pelley et al., 2015), in addition to the exclusions
described previously, we further excluded all trials in which
the latency of the first saccade after the presentation of the
search display was less than 80 ms (anticipatory saccades;
12.3 % of all trials) or no gaze was recorded within 5.1 dva
(100 pixels) of the fixation point within the first 80 ms
(7.5 % of all trials).

Results

Omission trials Figure 2A shows the proportion of omis-
sion trials averaged across all blocks. These data were
analysed using a one-way (trial type: high-single, low-
single, both, absent) analysis of variance (ANOVA),
which found a significant main effect of trial type, F(3,

1 The reward outcome on both-distractor trials was randomly set to either
the high-value reward or the low-value reward rather than the sum of the
high- and low-value rewards. If participants were to consistently receive
the sum of both reward values on these trials, any pattern of oculomotor
capture observedmay be the consequence of this new learned relationship
(i.e., two distractors = very large reward) rather than the participant’s prior
experience with the stimuli. By randomly giving either the high- or low-
value reward, the presentation of two distractor stimuli in the same dis-
play is nonpredictive of rewardmagnitude, and any oculomotor bias must
be governed by the participant’s prior learning. This is related to the
reason why there were relatively few both-distractor trials in each block
(only 6, as compared to 12 single-distractor trials). On both-distractor
trials, participants could receive a high-value reward even though a
low-value distractor was present in the display, and vice versa. By having
relatively few both-distractor trials, our aim was to minimise the extent to
which such experiences would Bwater down^ the prevailing relationship
between each distractor colour and its associated reward established on
single-distractor trials.
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123) = 50.4, p < .001, η2p = .55. Planned pairwise t tests

were used to further explore this effect. More omissions
were triggered on each of the trial types that contained a
salient distractor than on distractor-absent trials—high-
single versus absent: t(41) = 7.39, p < .001, d = 1.14;
low-single versus absent: t(41) = 6.53, p < .001, d =
1.01; both versus absent: t(41) = 9.74, p < .001, d =
1.50. Furthermore, more omissions were triggered on
both-distractor trials (where gaze on either distractor
could trigger an omission) than on trials that contained a
single distractor—both versus high-single: t(41) = 4.42, p
< .001, d = .68; both versus low-single: t(41) = 6.40, p <
.001, d = .99. Finally, and most importantly, omissions
were more likely on trials that contained the high-value
distractor alone than trials that contained the low-value
distractor alone, t(41) = 2.82, p = .007, d = .44, demon-
strating a significant VMOC effect.

Distribution of gaze on both distractor trials The difference
in proportion of omissions on high-single distractor versus
low-single distractor trials replicates the findings of Le
Pelley et al. (2015). Having verified that this procedure pro-
duced a VMOC effect, we turned to the analysis of the both-
distractor trials in order to determine whether reward-value
information biases competition on the saccade map.
Crucially, Fig. 2B shows that participants looked at the high-
value distractor more often than the low-value distractor on
both-distractor trials, and a paired t test revealed that this dif-
ference was significant, t(41) = 2.22, p = .032, d = .34.

Correlation of single-distractor VMOC effect with both-
distractor VMOC effect The difference in proportion on
omission trials on high-single versus low-single distractor tri-
als provides one measure of the influence of value on oculo-
motor capture (we term this the single-distractor VMOC

Fig. 2 Eye gaze and saccade
latency data from Experiment 1.
(A) Mean proportion of omission
trials, averaged across blocks, for
high-single, low-single, both-
distractor, and distractor-absent
trials. (B) Mean proportion of
both-distractor trials with gaze on
the high-value distractor and low-
value distractor. (C) Mean
saccade latencies for saccades
toward the target and distractor,
averaged across blocks. (D) Mean
saccade latencies for saccades
made toward the target, the high-
value and low-value distractor on
both-distractor trials. All error
bars show within-subjects SEM
(Cousineau, 2005). (Colour figure
online.)

Fig. 3 Scatterplot of single-distractor VMOC effect (horizontal axis;
calculated as proportion of omissions on high-single distractor trials
minus proportion of omissions on low-single distractor trials) against
both-distractor VMOC effect (vertical axis; calculated as proportion of
both-distractor trials with gaze on the high-value distractor minus the
proportion of both-distractor trials with gaze on the low-value)
distractor in Experiment 1. Dotted line shows line of best linear fit.
(Colour figure online.)
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effect). The difference in proportion of both-distractor trials
with gaze on the high-value distractor versus the low-value
distractor provides a second, independent measure (both-
distractor VMOC effect). The scatterplot in Fig. 3 shows a
strong positive correlation between these two measures,
Pearson’s r(40) = .836, p < .001. That is, participants who
showed a larger difference between proportion of omissions
on high-single and low-single distractor trials (i.e., those who
displayed a larger single-distractor VMOC effect) tended to
show more oculomotor capture by the high-value distractor
than the low-value distractor when both stimuli were present-
ed simultaneously.

Latency of first saccades Preliminary analysis showed that
latency of first saccades did not change significantly over the
course of the experiment, with no evidence of a linear trend
across blocks, F(1, 39) < 1. Subsequent analyses therefore
collapsed across blocks. Figure 2C shows mean latency of
the first saccade for each trial type as a function of saccade
direction. Saccades were defined as going in the direction of
the target or the distractor if the endpoint of the saccade had an
angular deviation of less than 30° to the left or right (i.e., half
the distance between the stimuli in the display) of the critical
stimulus. The data were analysed using a 3 (trial type: high-
single, low-single, both) × 2 (saccade direction: target,
distractor) ANOVA. This showed a significant main effect of
direction, F(1, 41) = 194.3, p < .001, η2p = .83, with shorter

latency for saccades going to the distractor than those going to
the target. The main effect of trial type, F(2, 82) = 2.22, p =
.115, η2p = .05, and trial type × direction interaction, F(2, 82)

= .82, p = .444, η2p = .02, were both nonsignificant. Paired t

tests found no evidence that the presence of at least one phys-
ically salient distractor in the display had an effect on the
latency of saccades to the target—absent versus high-single,
t(41) = .577, p = .567, d = .11; absent versus low-single, t(41)
= .876, p = .386, d = .14; absent versus both, t(41) = .718, p =
.477, d = .11. Figure 2D shows a breakdown of first saccade
latencies on both-distractor trials according to whether they
were towards the target, the high-value distractor, or the
low-value distractor. Two participants did not make any initial
saccades towards one of the distractors and so were removed
from subsequent analyses (remaining n = 40). As above, la-
tencies of saccades going towards the target were significantly
longer than those towards either of the distractors on these
trials—target versus high-value distractor, t(39) = 5.11, p <
.001, d = 0.81; target versus low-value distractor, t(39) =
8.18, p < .001, d = 1.29. There was no significant difference
in the latency of saccades going to the high-value and low-
value distractors, t(39) = .49, p = .63, d = .08.

Time course of the both-distractor VMOC effect In order to
investigate the time course of the VMOC effect on both-

distractor trials, we analysed the proportion of first saccades
going towards the high-value and low-value distractors on
both-distractor trials as a function of saccade latency using
the Vincentizing procedure (Ratcliff, 1979). We calculated
mean first saccade latencies and the proportion of first sac-
cades going towards each distractor separately for each decile
of the individual saccade latency distributions (see Fig. 4).
The data were initially analysed using a 2 (distractor: high-
value, low-value) × 10 (decile) ANOVA. This found a signif-
icant main effect of distractor, F(1, 41) = 4.54, p = .039, η2p =

.10, such that more first saccades went to the high-value
distractor than the low-value distractor, averaged across sac-
cade latency. There was also a significant main effect of dec-
ile, F(9, 369) = 19.83, p < .001, η2p = .33, indicating that the

proportion of saccades going towards either distractor de-
creased as a function of saccade latency. The distractor ×
decile interaction was nonsignificant, F(9, 369) = .66, p =
.748, η2p = .02. To determine whether the both-distractor

VMOC effect was evident for particularly rapid saccades, a
planned, paired samples t test was used to compare the pro-
portion of first saccades going towards the high-value
distractor and low-value distractor for the fastest decile of
saccades. This revealed a marginally significant difference,
t(41) = 1.72, p = .093, d = .27.

Discussion

In Experiment 1, participants were more likely to have their
gaze captured by the high-value distractor than the low-value
distractor, even though looking at the distractor stimuli was
directly counterproductive to the participant’s goals, because it
resulted in the omission of the reward that would otherwise
have been delivered on that trial. This is a replication of the

Fig. 4 The proportion of first saccades towards the high-value and low-
value distractor on both-distractor trials as a function of first saccade
latency decile in Experiment 1. Mean first saccade latencies and the
proportion of first saccades directed toward each distractor were
calculated separately for each decile of individual participant saccade
latency distributions using the Vincentizing procedure (Ratcliff, 1979).
# p < .10. Error bars show within-subjects SEM. (Colour figure online.)
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VMOC effect that we have previously reported (Failing et al.,
2015; Le Pelley et al., 2015; Pearson et al., 2015). The impor-
tant novel finding of this experiment is that the VMOC effect
was also evident when both the high- and low-value
distractors were present in the same search display. We take
this as evidence that reward value engages in competition with
stimulus-driven and goal-directed inputs to the oculomotor
system on a common saccadic priority map. In a time-course
analysis, there was a trend towards this both-distractor VMOC
effect being present in the shortest decile of saccade latencies,
which suggests that reward information may influence com-
petition on the saccade map even at particularly early stages of
processing. Furthermore, the both-distractor VMOC effect
was highly correlated with the VMOC effect evident on
single-distractor trials, which suggests that the same processes
are likely to be responsible for both effects.

However, some aspects of the data from Experiment 1 bear
further consideration. First, although the mean latency of sac-
cades directed towards either of the distractors was shorter
than that of saccades directed towards the target (suggesting
that the stimulus-driven activity associated with the physically
salient distractor reached the saccade threshold faster than the
goal-directed activity associated with selection of the less sa-
lient target; Godijn & Theeuwes, 2002; cf. Walker, Walker,
Husain, & Kennard, 2000), there was no effect of reward
value on saccade latencies to either the target or to the
distractor (see Fig. 2). We return to this null finding in the
General Discussion.

Second, the results of the time-course analysis of the
VMOC effect on both-distractor trials were not clear-cut.
Averaging across all deciles, significantly more first sac-
cades was directed towards the high-value distractor than
the low-value distractor. However, when considering just
the shortest decile of saccade latencies, this trend reached
only marginal significance. Furthermore, there was no
significant interaction between the effect of distractor type
and decile (i.e., the numerical trend suggesting a reduction
in the influence of reward as decile increased did not
reach significance, see Fig. 4). It is possible that the
somewhat equivocal findings relating to time course re-
flect a lack of power in Experiment 1; participants expe-
rienced 126 both-distractor trials over the course of the
whole experiment, meaning that the data for each decile
of the saccade latency distribution correspond to only
around 10–11 trials for each participant (given the data
exclusions detailed above). Moreover, many of these trials
would have occurred early in the experiment, before par-
ticipants had much experience of the colour–reward rela-
tionships that drive the VMOC effect, thus reducing the
power of the time-course analysis of this effect still fur-
ther. We therefore ran a second experiment in which we
increased the number of both-distractor trials, in order to
enhance the sensitivity of the time-course analysis.

Experiment 2

Experiment 2 was effectively an extended version of
Experiment 1, in which participants completed 1,260 tri-
als—including 294 both-distractor trials—over the course of
two sessions run on consecutive days (as compared to 714
trials—with 126 both-distractor trials—in a single session in
Experiment 1). As the primary aim of Experiment 2 was to
collect more data relating to saccades towards reward-related
distractors, distractor-absent trials were removed. In an at-
tempt to reduce the number of trials in which an anticipatory
saccade was made, or in which no valid gaze samples were
recorded in the centre of the screen at the start of the trial, the
time between the offset of the fixation cross and the presenta-
tion of the search display was reduced to 150 ms, in keeping
with previous studies that have used similar saccade latency
analyses (e.g., Failing et al., 2015).

Method

Participants Thirty-eight participants (mean age = 21.7, SEM
= 0.75, 24 females) took part in Experiment 2, either for
course credit (n = 15) or for payment of 30 AUD (n = 23).
All participants received an additional monetary bonus that
was dependent upon their performance (M = 15.05 AUD,
SEM = 0.36 AUD).

Apparatus and stimuli The apparatus and stimuli were iden-
tical to those of Experiment 1, with one exception. Instead of
the reward-associated distractor circles being rendered in ei-
ther red or green, in Experiment 2 they were rendered in either
red or blue (CIE, x, y, chromaticity coordinates of .595/.360
for red, .160/.116 for blue). The luminance of the red and blue
stimuli was similar (~42.5 cd/m2), which was higher than that
of the grey used for all other shapes (14.2 cd/m2).

Design The experiment comprised 42 blocks of 30 trials each
for a total of 1,260 experimental trials, which were completed
over the course of two 1-hr sessions run on consecutive days.
In the first session, each block consisted of 12 high-single
distractor trials, 12 low-single distractor trials, and six both-
distractor trials. For the second session, each block consisted
of 11 high-single distractor trials, 11 low-single distractor tri-
als, and eight both-distractor trials. The proportion of both-
distractor trials was thus increased slightly in the second ses-
sion, providing more trials from a period in which participants
had had extensive experience of the colour–reward relation-
ships, and so increasing the sensitivity of the time-course anal-
ysis of the both-distractor VMOC effect. There were no
distractor-absent trials. All other aspects of the design were
as for Experiment 1.
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Procedure The general procedure for each session was the
same as in Experiment 1. The only differences were that, in
Experiment 2, (1) the fixation cross was not presented as part
of the search display, and (2) the pause between the offset of
the fixation display and the presentation of the search display
was reduced to 150 ms.

Data analysis The same data analysis protocol was used as in
Experiment 1. Hard timeouts (0.9 % of trials) were discarded.
Across the remaining trials, valid gaze location data were reg-
istered in 96.6 % (SEM = 1.3 %) of samples. For the analysis
of saccade latency and the time course of oculomotor capture,
12.1 % of trials were discarded due to the presence of antici-
patory saccades, and 6.5 % of trials were discarded due to no
valid gaze samples being recorded within 5.1 dva (100 pixels)
of the fixation point within the first 80 ms.

Results

Omission trials Figure 5A shows the proportion of omission
trials for each trial type averaged across all blocks in the ex-
periment. These data were analysed using a one-way (trial
type: high-single, low-single, both) ANOVA, which found a
significant main effect of trial type, F(2, 74) = 30.6, p < .001,
η2p = .45. In order to further explore this effect, planned

pairwise t tests were conducted. As was the case in
Experiment 1, more omissions were triggered on both-
distractor trials than trials that contained a single salient

distractor—both versus high-single: t(37) = 7.22, p < .001, d
= 1.17; both versus low-single: t(37) = 6.95, p < .001, d =
1.13. More importantly, there was also a significant single-
distractor VMOC effect, with participants making more omis-
sions on high-single trials than low-single trials, t(37) = 2.51,
p = .017, d = .41.

Distribution of gaze on both-distractor trials Having con-
firmed the presence of a single-distractor VMOC effect, we
turned to the analysis of both-distractor trials. As can be seen
in Fig. 5B, a both-distractor VMOC effect was once again
evident, with participants looking at the high-value distractor
more often than the low-value distractor on both-distractor
trials, t(37) = 2.76, p = .009, d = .45.

Correlation of single-distractor VMOC effect with both-
distractor VMOC effect The single- and both-distractor
VMOC effects were quantified as for Experiment 1.
Figure 6 shows a strong positive correlation between these
measures, r(36) = .923, p < .001.

Latency of first saccades Figure 5C shows the average laten-
cy of the first saccade for each trial type when it was directed
towards the target and when it was directed towards the
distractor. A 3 (trial type: high-single, low-single, both) × 2
(direction: target, distractor) ANOVA found a significant main
effect of direction, F(1, 37) = 276.6, p < .001, η2p = .88, such

that first saccades made towards distractors had a shorter

Fig. 5 Eye gaze and saccade
latency data from Experiment 2.
(A) Mean proportion of omission
trials, averaged across all blocks,
for high-single, low-single, and
both-distractor trials. (B) Mean
proportion of both-distractor trials
with gaze on the high-value
distractor and low-value
distractor. (C) Mean saccade
latencies for saccades towards the
target and distractor. (D) Mean
saccade latencies for saccades
made to the target, the high-value
and low-value distractor on both-
distractor trials. Error bars show
within-subjects SEM. (Colour
figure online.)
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latency than those towards the target. The main effect of trial
type, F(2, 74) = 1.99, p = .143, η2p = .05, and the trial type ×

direction interaction, F(2, 74) = .98, p = .379, η2p = .03, were

both nonsignificant. Subsequent paired t tests revealed no sig-
nificant difference between high-single and low-single trials
in terms of the latency of first saccades directed towards the
target, t(37) = 1.30, p = .201, d = .21, or towards the distractor,
t(37) = 1.48, p = .147, d = .24.

Figure 5D shows first saccade latencies on both-distractor
trials according to whether their endpoint was in the direction
of the target, the high-value distractor, or the low-value
distractor. In line with the previous analyses, saccades were
slower when they were directed towards the target than when
directed towards either of the distractors—target versus high-
value distractor, t(37) = 13.0, p < .001, d = 2.11, target versus
low-value distractor, t(37) = 7.01, p < .001, d = 1.14. There
was no difference in the latency of first saccades that were
directed to the high-value distractor versus those directed to
the low-value distractor, t(37) = 0.17, p = .863, d = .02.

Time course of both-distractor VMOC effect To assess
whether reward value asserts its influence on oculomotor se-
lection at an early stage of processing, we analysed the pro-
portion of first saccades going towards the high-value and
low-value distractor on both-distractor trials as a function of
their saccade latency using the Vincentizing procedure (see
Fig. 7). The data were analysed using a 2 (distractor: high-
value, low-value) × 10 (decile) ANOVA.2 This revealed a
main effect of distractor, F(1, 37) = 10.41, p = .003, η2p =

.22, with more first saccades directed towards the high-value
distractor than the low-value distractor on average. The main

effect of decile was also significant, F(9, 333) = 45.66, p <
.001, η2p = .55, with the proportion of first saccades directed

towards either distractor decreasing as saccade latency in-
creased. Crucially, the distractor × decile interaction was sig-
nificant, F(9, 333) = 3.07, p = .001, η2p = .08, and demonstrat-

ed a significant linear trend, F(1, 37) = 11.05, p = .002, η2p =

.23, indicating that the effect of reward on saccade direction
was greatest for the fastest saccades, and decreased propor-
tionately as saccade latency increased. Notably, the pattern of
more eye-movements towards the high-value distractor than
the low-value distractor was significant for the shortest latency
decile, t(37) = 2.61, p = .013, d = .42.

Discussion

Experiment 2 replicated the key findings of Experiment 1.
Once again, task-irrelevant stimuli associated with high-
value rewards were more likely to capture attention than stim-
uli associated with low-value rewards, even when both stimuli
were presented in the same search display. Importantly, the
time-course analysis demonstrated that the both-distractor
VMOC effect was strongest for the most rapidly initiated sac-
cades and decreased linearly as saccade latency became lon-
ger. This suggests that reward value influences competition on
the saccade map at a particularly early stage of processing.
This pattern was similar to that observed in Experiment 1,
though both of the important effects (the distractor × decile
interaction, and the effect of distractor at the shortest decile)
reached full significance in Experiment 2. This is most likely a
consequence of greater power in Experiment 2, for which the
time-course analysis included over twice as many both-
distractor trials as in Experiment 1 (294 vs. 126). However,
despite the greater power of Experiment 2, we still failed to
observe an effect of reward on the latency of saccades directed
towards either the target or the distractor (see Fig. 5). We take
up this issue again in the General Discussion.

General discussion

In two experiments, participants were trained that the presence
of a distractor stimulus with a particular colour in a visual
search display signalled the magnitude of reward that was
available for a rapid saccade towards a shape singleton target.
The reward-signalling distractor was task-irrelevant through-
out each experiment, given that the participant’s goal was to

Fig. 6 Scatterplot of single-distractor VMOC effect (horizontal axis)
against both-distractor VMOC effect (vertical axis) distractor in
Experiment 2. Dotted line shows line of best linear fit. (Colour figure
online.)

2 The same pattern of significant results was observed when session was
included as a factor in the ANOVA (recall that Experiment 2 involved two
sessions, conducted on successive days). Furthermore, we did not find
any evidence of a three-way Session ×Distractor × Decile interaction (F <
1), suggesting that there was no difference in the time-course of the both-
distractor VMOC effect between sessions.
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look at the target. Indeed, looking at the distractor was directly
counterproductive, as the reward for the trial was omitted if
gaze was detected in its vicinity. Nevertheless, participants
made more eye movements to a distractor that signalled high
reward than a distractor that signalled low reward. This is a
replication of the value-modulated oculomotor capture
(VMOC) effect that we have observed previously (Failing
et al., 2015; Le Pelley et al., 2015; Pearson et al., 2015). The
important novel finding of the present studies is that the
VMOC effect was also evident when both the high- and
low-value distractors were presented in the same search dis-
play. On these both-distractor trials, participants again made
more eye movements to the high-value distractor than to the
low-value distractor. We take this as evidence that effects of
reward are integrated (and compete) with stimulus-driven and
goal-directed inputs to the oculomotor system on a common
saccadic priority map. Notably, this both-distractor VMOC
effect was evident at the shortest saccade latencies, suggesting
that reward information is incorporated on the saccade map at
a particularly early stage of processing. Furthermore, the
both-distractor VMOC effect was highly correlated with
the VMOC effect evident on single-distractor trials, which
suggests that the same processes are likely to be respon-
sible for both effects.

These findings have interesting implications for our under-
standing of the mechanisms underlying VMOC. A number of
previous studies have argued that reward value exerts its in-
fluence on visual selection at the early stages of processing
(e.g., Anderson et al., 2011a, 2011b; Anderson & Yantis,
2012; Awh et al., 2012; Belopolsky, 2015; Theeuwes &
Belopolsky, 2012; Hickey et al., 2010, 2011). For example,
Belopolsky (2015) recently suggested that a number of auto-
matic biases that develop based on prior experience with a
stimulus (e.g., reward history, selection history, and emotion)
engage in competition with goal-directed and stimulus-driven
inputs to the oculomotor system on the saccade map through a
process of competitive integration (Godijn & Theeuwes,
2002). According to this account, activity on the saccade

map is enhanced or inhibited according to prior experience
with the stimulus features in the display, such that there would
be a boost in activity at a location containing a distractor
rendered in a colour that has been associated with a relatively
high-value reward. Thus, the saccadic activity at this location
is more likely to achieve the threshold for a saccade to be
initiated relative to an equally salient stimulus that has been
paired with low-value reward. As a result, more (erroneous)
saccades to the distractor will be made on high-value trials
than low-value trials.

However, up to this point, direct evidence that the VMOC
effect reflects competition on the saccade map has been lack-
ing. The majority of previous studies have used designs in
which the critical stimuli that were shown to involuntarily
capture attention and/or eye movements when presented as
distractors during a test phase, were task-relevant during an
initial pretraining phase (e.g., Anderson et al., 2011a, 2011b;
Anderson &Yantis, 2012; Theeuwes & Belopolsky, 2012; see
also Hickey et al., 2010). That is, participants were required to
rapidly orient their attention and/or gaze to the critical stimuli
in order to earn the reward that they signalled. Under these
conditions, the increased rate of capture by reward-related
stimuli may not reflect augmented activity on the saccade
map but may instead be a consequence of an overlearned
orienting response developed during the pretraining phase
(e.g., Bsaccade to red for large reward^) that continues to be
habitually enacted during the test phase. Le Pelley et al. (2015;
see also Pearson et al., 2015) addressed this potential con-
found by demonstrating an increased likelihood of oculomo-
tor capture by stimuli that were associated with high-value
rewards yet were never task-relevant to participants.
However, in this design, the reward-predicting distractors
were colour singletons, and so were likely to automatically
capture attention and eye movements on the basis of their
physical salience alone (Theeuwes et al., 1999; Theeuwes,
1992, 1994). Therefore, it is possible that the VMOC effect
observed by Le Pelley et al. was not due to augmentation of
the reward-related stimulus feature’s activity on the saccade
map but rather was a consequence of reward value reducing
the global threshold for a saccade to be made to physically
salient stimuli. According to this account, when a stimu-
lus feature that has been associated with high-value re-
ward is detected by the visual system, the threshold
required for bottom-up saccadic activity to initiate a
saccade is lowered. Thus, on high-value trials, the
bottom-up activity associated with the colour-singleton
distractor is more likely to exceed this reduced thresh-
old, and so more erroneous saccades will be made to
the distractor than on low-value trials.

The current study provides a direct test of whether VMOC
is driven by reward information biasing competition on the
saccade map. As in Le Pelley et al. (2015), participants were
trained on a task in which the reward-associated distractor

Fig. 7 The proportion of first saccades toward the high-value and low-
value distractor on both-distractor trials as a function of first saccade
latency decile in Experiment 2. * p < .05. Error bars show within-
subjects SEM. (Colour figure online.)
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stimuli were never task relevant, and so the VMOC effect
cannot be a consequence of overtrained oculomotor orienting.
Furthermore, on both-distractor trials, two equally salient
reward-associated distractors were simultaneously presented
in the same search display. Crucially, we would predict a dif-
ferent outcome on these trials, depending on whether reward
information is directly integrated onto the saccade map or
alternatively lowers the global saccadic threshold. According
to the Bglobal threshold^ account, on both-distractor trials the
presence of a cue that signals high reward should lead to a
lowered saccade threshold, but as both of the distractor stimuli
are (equally) physically salient, they should be equally likely
to capture eye-movements. In contrast, the Bcompetitive
integration^ account correctly predicts more oculomotor cap-
ture by the high-value distractor than the low-value distractor
on both-distractor trials because the saccadic activity associ-
ated with the high-value distractor location is augmented rel-
ative to that of the low-value distractor. Thus, the current study
provides direct evidence for reward information biasing com-
petition on the saccade map. This conclusion is further sup-
ported by the finding that the both-distractor VMOC effect
was most pronounced for rapidly initiated saccades and de-
creased as a function of first saccade latency. This fits with the
idea that reward value exerts its influence early on in the selec-
tion process, either by augmenting or engaging in direct compe-
tition with the saccadic activity generated by bottom-up salience.

The current findings are consistent with those of a recent
study by Failing et al. (2015), which found a VMOC effect
using a version of Le Pelley et al.’s (2015) procedure, in which
all of the stimuli in the search display were rendered in differ-
ent colours. Using the Vincentization analysis that was
employed in the current study, Failing et al. demonstrated that
VMOC by nonsalient stimuli was most prominent for rapid
saccades and decreased as a function of saccade latency.
Therefore, it was suggested that the VMOC effect was a con-
sequence of reward value being competitively integrated on
the saccade map. However, there was a notable procedural
difference between the task used by Failing et al. and that
reported here (as well as previously: Le Pelley et al., 2015;
Pearson et al., 2015). In Failing et al.’s study, participants were
explicitly informed prior to the experiment that the search
display would always contain either a red or blue nontarget
circle, and that the colour of this circle would determine the
size of the reward that was available for responding to the
target. This raises the possibility that the VMOC effect ob-
served was not a consequence of trial-by-trial reward learning
but rather reward modulation of a top-down attentional set for
red and blue items. While this explanation is perhaps unlikely
given that the VMOC effect was found to be strongest for
relatively rapid saccades—whereas top-down influences are
typically considered to affect longer-latency saccades (Godijn
& Theeuwes, 2002; Mulckhuyse et al., 2008)—the current
study gets around this potential confound by not providing

participants with any explicit information about the signifi-
cance of the reward-predicting distractors in the task. Thus,
the current data make clear that experience of the statistical
cooccurrence of reward and a stimulus feature is sufficient to
bias competition on the saccade map.

More importantly, because the reward-predicting
distractors were not distinguished by their physical salience
in Failing et al.’s design, it was not possible to determine
whether reward information and physical salience engage in
direct competition with one another on the saccade map. That
is, Failing et al.’s procedure leaves open the possibility that the
very fastest saccades are driven purely by physical salience,
with reward exerting its effect only for somewhat slower sac-
cades that occur when there is no physically salient stimulus
present. Notably, the mean latency of the shortest decile of
saccades recorded by Failing et al. (~215 ms) would fall at
the sixth or seventh decile in the current experiments, in which
the distractor is distinguished by its physical salience.
However, the current finding of a VMOC effect for the
shortest latency saccades to physically salient, reward-related
distractors (mean latency ~170 ms) rules out this possibility
and shows clearly that reward can bias competition at a par-
ticularly early stage in processing, by either enhancing or
inhibiting the saccadic activity generated by the bottom-up
salience of a stimulus.

Although our data suggest that reward value biases activity
on the saccade map, there are a number of possible mecha-
nisms by which this may occur. For example, Belopolsky
(2015) proposed a nonmodular view of the oculomotor sys-
tem, in which reward information from various independent
inputs (e.g., basal ganglia, frontal eye fields, lateral
intraparietal cortex) augments or decreases activity on an in-
tegrated attentional network that consists of several priority
maps located in different areas of the brain. Alternatively,
Hickey et al. (2010, 2011) have argued that reward value
biases oculomotor competition by enhancing low-level senso-
ry inputs—effectively increasing the perceptual salience of the
reward-associated stimulus. Evidence for this latter possibility
comes from a study by Hickey et al. (2010), who had partic-
ipants search for a shape-defined target (e.g., a red diamond in
an array of red circles) while one of the nontarget shapes was
rendered in a unique colour (e.g., green), so as to be a colour-
singleton distractor. Participants received rewards for correct
responses; the size of this reward varied randomly from trial to
trial. The key finding from this study was that an electrophys-
iological marker of early sensory processing in the extrastriate
visual cortex (Hillyard, Vogel, & Luck, 1998) was larger for a
distractor rendered in a colour that had been used as a highly
rewarded target on the immediately preceding trial. This find-
ing is consistent with the idea that reward alters the perceptual
salience of stimuli on a trial-by-trial basis.

However, some of the present findings do not sit so
neatly with the idea of reward information biasing
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competition on the saccade map through a process of
competitive integration. In particular, the competitive in-
tegration model (Godijn & Theeuwes, 2002) predicts that
increasing activity at one location on the priority map
should not only have an influence on the likelihood of
making a saccade in the direction of that peak but also
should influence the latency of saccades. For example, if
reward learning augments the saccadic activity associated
with the location of a high-value distractor, this should
also increase the inhibition of saccadic activity at the dis-
tant target location, such that it takes longer for the activ-
ity peak associated with the target to reach the saccade
threshold (i.e., the remote distractor effect; cf. Godijn &
Theeuwes, 2002). Therefore, on trials where first saccades
go towards the target, a larger remote distractor effect
should be evident when the high-value distractor is pres-
ent in the display than when the low-value distractor is
present. However, in the current experiments, there was
no effect of reward on the latency of saccades made to-
wards either stimulus. Notably, some previous studies in-
vestigating the influence of reward on oculomotor capture
have similarly found no evidence that saccades to the
target are slowed more by the presence of a high-value
distractor than a low-value distractor (Pearson et al., 2015,
Experiment 1; Theeuwes & Belopolsky, 2012), although
others have found evidence for such an effect (Le Pelley
et al., 2015; Pearson et al., 2015, Experiment 2). This
raises a number of possible alternative explanations for
how reward information might be incorporated into the
saccade priority map. For instance, it may be that the
association between the critical stimulus feature and re-
ward gives an independent boost to the saccadic activity
associated with that feature, without affecting the lateral
inhibition of other stimuli in the visual field (Belopolsky,
2015). Alternatively, reward information may lower the
saccade threshold in a feature-specific manner, such that
less saccadic activity is required to initiate a saccade to-
wards a specific stimulus feature that is associated with
high-value reward. However, as the current data adds to a
set of mixed findings within the literature, it remains for
future studies to establish whether the presence of a
reward-associated distractor stimulus reliably lengthens
the latency of saccades to a target, and thus whether the
competitive integration model can fully account for the
VMOC effect.

Conclusions

The current experiments demonstrate that value-modulated
oculomotor capture (VMOC) by task-irrelevant, physically
salient stimuli is a consequence of early competition on the
saccadic priority map. That is, learning that a stimulus feature

signals large reward increases the strength of that feature’s
representation on the saccade map in a way that mimics or
interacts with physical salience, such that stimuli possessing
those features are more likely to capture attention in future.
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