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The Influence of Expected Value on Saccadic Preparation
David M. Milstein and Michael C. Dorris
Department of Physiology, Center for Neuroscience Studies, Canadian Institutes of Health Research Group in Sensory-Motor Neuroscience, Queen’s
University, Kingston, Ontario, Canada K7L 3N6

Basing higher-order decisions on expected value (reward probability ⫻ reward magnitude) maximizes an agent’s accruement of reward
over time. The goal of this study was to determine whether the advanced preparation of simple actions reflected the expected value of the
potential outcomes. Human subjects were required to direct a saccadic eye movement to a visual target that was presented either to the left
or right of a central fixation point on each trial. Expected value was manipulated by adjusting the probability of presenting each target and
their associated magnitude of monetary reward across 15 blocks of trials. We found that saccadic reaction times (SRTs) were negatively
correlated to the relative expected value of the targets. Occasionally, an irrelevant visual distractor was presented before the target to
probe the spatial allocation of saccadic preparation. Distractor-directed errors (oculomotor captures) varied as a function of the relative
expected value of, and the distance of distractors from, the potential valued targets. SRTs and oculomotor captures were better correlated
to the relative expected value of actions than to reward probability, reward magnitude, or overall motivation. Together, our results
suggest that the level and spatial distribution of competitive dynamic neural fields representing saccadic preparation reflect the relative
expected value of the potential actions.
Key words: motor planning; reaction time; reward; probability; motivation; dynamic field theory

Introduction
The generation of saccadic eye movements is influenced by
bottom-up factors such as the contrast and luminance of visual
stimuli as well as top-down factors such as goals, expectations,
and context (Thompson and Bichot, 2005; Fecteau and Munoz,
2006). Of these, top-down factors are more difficult to define,
quantify, and manipulate in the laboratory, and consequently,
their influence is less understood (Sparks, 1999; Maunsell, 2004;
Schall, 2004). Here, we manipulated a set of variables that were
easily defined and quantified to better understand how top-down
factors influence the advanced allocation of saccadic preparation.
Expected value (defined as the product of the probability of
reward for an action and the magnitude of that reward) is a
critical factor when making any decision, because choosing the
option with the highest expected value maximizes the intake of
reward over time. Behavioral and neurophysiological studies
linking each of these individual components of expected value to
changes in saccadic generation have recently been described. For
example, experiments describing probability effects involved
probability manipulations while reward magnitude remained
constant (Basso and Wurtz, 1998; Dorris and Munoz, 1998; Platt
and Glimcher, 1999). Similarly, experiments describing reward
magnitude effects involved magnitude manipulations while
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probability remained constant (Leon and Shadlen, 1999; Platt
and Glimcher, 1999; Lauwereyns et al., 2002; Takikawa et al.,
2002; Ding and Hikosaka, 2006). Therefore, attributing changes
in behavior and/or neural activity to manipulations of probability or reward magnitude was confounded by the fact that expected value was concomitantly manipulated in these studies.
Here, we hypothesize that the advanced preparation of saccades is
better accounted for by the expected value of potential actions
than either probability or magnitude of reward alone.
The effect of expected value on saccadic preparation was measured with two behavioral indices. First, saccadic preparation has
traditionally been measured by its influence on saccadic reaction
time (SRT), defined as the time required to initiate a saccade
toward a target after its presentation (Dorris et al., 1997; Munoz
et al., 2000). Second, we used a novel probe of saccadic preparation in the form of an irrelevant visual distractor that was occasionally flashed at specific locations in the visual field before target presentation. We reasoned that the preexisting level of
saccadic preparation would determine whether the addition of a
distractor-related visual transient was sufficient to overcome the
threshold level needed to trigger an erroneous saccade, also
known as an oculomotor capture (Theeuwes et al., 1998, 1999).
Thus, the distractor acts as a noninvasive probe of the otherwise
covert process of saccadic preparation in a manner analogous to
how deviations in saccadic endpoints resulting from microstimulation of the oculomotor circuitry have been used to study the
preparation of saccades during motion discrimination tasks
(Gold and Shadlen, 2000, 2003).
Overall, these behavioral indices suggest that relative expected
value of potential actions accounts for the level and spatial allocation of saccadic preparation better than the probability or magnitude of reward associated with those actions or motivation re-
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were paid based on performance, with payoffs ranging from $63.04 to $71.09 and from
Control Trials
Distractor Trials
$78.01 to $91.41 for these two experimental
conditions, respectively.
Behavioral paradigms. Subjects received
monetary reward for successfully completing a
Warning Period 200ms
simple oculomotor task that involved directing
a saccade toward a single visual target that
(400ms)
could be presented either to the left or right of a
70ms
central fixation point on each trial (Fig. 1). The
relative value of these potential responses was
Oculomotor
manipulated across blocks by varying the prob130ms
Capture
ability of left versus right target presentation as
well as the magnitude of reward associated with
Target-Directed
each. The influence of valuation on the level of
Correct Saccade
saccadic preparation was indexed, for the most
part, by the time required to initiate target$70%
$70%
directed saccades. The influence of valuation
on the spatial allocation of saccadic preparation
Dual Target Trials
Distractor Trials (expt. 2) was probed occasionally by flashing a visual
distractor that could trigger a saccadic error to
its location. Finally, the manner in which saccadic preparation was temporally updated was
examined during a minority of trials in which
reward could be harvested by selecting either of
the two targets that were presented. The details
of these three randomly interleaved trial types
are outlined below.
Control trials (Fig. 1 A) made up the core of
each block (60%) and used SRTs to index the
level of saccadic preparation allocated to each
target. To begin each trial, subjects were required to foveate a circular red fixation point
[luminance, 5.2 cd; visual radius, 0.25°; red (R),
$70%
$70%
100%; green (G), 0%; blue (B), 0%] presented
in the center of the computer monitor. After
600 ms of fixation, the fixation point was extinFigure 1. Schematic of behavioral paradigms. Each panel denotes a successive display on a computer monitor. Subjects guished, followed 400 ms later by the presentareceived a reward on trials in which they made a target-directed saccade (red arrows), and reward was withheld for distractor- tion of a peripheral saccade target (luminance,
directed saccades (green arrows). Open circles are not actually presented on the computer monitor but denote possible locations 5.2 cd; visual radius, 0.25°; R, 100%; G, 0%; B,
of targets and distractors. expt. 2, Experiment 2.
0%) that appeared either 8° to the left or right of
the fixation point. This 400 ms warning period
between fixation point offset and target onset
sulting from differences in the accumulation of reward across
was critical because it facilitated the preparation of saccadic responses in
blocks of trials. We discuss how our results can be accounted for
advance of the target presentation (Saslow, 1967; Dorris et al., 1997). Subby valuation preshaping competitive dynamic neural fields repjects had 300 ms to initiate a saccade to the new target location and were
resenting the spatial allocation of saccadic preparation.
required to fixate it for 600 ms. After this time, the target disappeared, and
the monetary payoff was displayed for 1000 ms. At the onset of the experiMaterials and Methods
ment, subjects were informed that 4 cents was divided between the left and
Subjects performed a saccadic eye movement task for monetary reward.
right targets on each trial. When subjects completed a trial successfully, the
All experimental procedures were reviewed and approved by the Queen’s
reward amount was displayed as a percentage of 4 cents (e.g., $70% correUniversity Human Research Ethics Board.
sponded to 2.8 cents). Finally, the intertrial interval was set at 1000 ms.
General methods. Subjects sat in a chair with their head placed on a chin
If at any time, the subject failed to meet the time constraints or keep his or
rest to centralize and stabilize their gaze with respect to a computer
her gaze within an invisible window surrounding the visual stimuli (⫾3°), a
monitor (refresh rate of 100 Hz) situated 59 cm in front of the subject and
red “X” was displayed in the center of the screen, and the participant received
spanning 32° of their central visual field. Subjects were fitted with an
no monetary reward for that trial. Anticipatory saccades initiated between
Eyelink II infrared eye tracker (SR Research, Osgoode, Ontario, Canada)
200 ms before to 70 ms after target appearance were followed by the presenheadset that sampled the position of the left eye at 250 Hz and 0.1° spatial
tation of a white “$0%,” and monetary reward was withheld.
resolution. Behavioral paradigms, visual displays, and storage of eyeDistractor trials were a minority within a block (30%) (Fig. 1 B, D).
position data were under the control of a Pentium 4 personal computer
The level of saccadic preparation at a specific time and location in the
running a real-time data acquisition software package (Gramalkn; Ryklin
visual field was indexed by the proportion of oculomotor captures trigSoftware, New York, NY). All data analyses were performed off-line on a
gered by an abrupt-onset visual distractor. Distractor trials were identical
Pentium 4 personal computer running Matlab version 7.0.4 (Mathto control trials, except that an irrelevant circular green distractor (lumiWorks, Natick, MA).
nance, 5.2 cd; visual radius, 0.25°; R, 0%; G, 100%; B: 0%) was flashed for
Experimental subjects. A total of 11 human subjects (five female, six
70 ms beginning halfway through the warning period. If subjects looked
male; 20 –34 years of age; including the two authors) participated in these
to the distractor (i.e., oculomotor capture), the trial was immediately
experiments. Ten subjects participated in experiment 1 (see below) (Fig.
aborted, followed by the display of a white 0% in the center of the screen
1 A–C), and six subjects participated in experiment 2 (see below) (Fig.
1 A, C,D). Five subjects participated in both experiments. Subjects
for 1000 ms, indicating that monetary reward was withheld.

A

C

}

B

D
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Table 1. A list of top-down factors used during blocks of trials for experiments 1
and 2
Relative expected value

Relative reward probability

Relative reward magnitude

0.01
0.05
0.1
0.1
0.21
0.3
0.5
0.5
0.5
0.7
0.79
0.9
0.9
0.95
0.99

0.1
0.1
0.1
0.5
0.1
0.5
0.1
0.5
0.9
0.5
0.9
0.5
0.9
0.9
0.9

0.1
0.3
0.5
0.1
0.7
0.3
0.9
0.5
0.1
0.7
0.3
0.9
0.5
0.7
0.9

Experiment 1: all rows. Experiment 2: bold rows.

Dual-target trials (Fig. 1C) were the least frequent trial type (10%).
These trials were identical to control trials, except that, instead of the
presentation of one target, both left and right targets were presented
simultaneously. Subjects were free to harvest the reward from either of
the two targets by acquiring it with a saccade. Because reward was guaranteed for both targets, probability of reward was no longer a factor in
determining the valuation of the targets. Therefore, to maximize intake
of reward, the target with the highest reward magnitude should be selected during these trials.
Dual-target trials served two purposes. First, we were concerned that a
monetary reward paid as a cumulative amount at the end of an experimental session was too abstract to be an effective incentive for influencing saccadic preparation. Saccades directed toward the high-rewardmagnitude target during these trials would suggest that it was a salient
variable. Second, dual-target trials could provide us with preliminary
insight into how saccadic preparation is temporally updated when relevant top-down factors suddenly change.
Experiment 1: influence of expected value on saccadic preparation. The
main goal of this experiment was to quantify the effects of expected value
on saccadic preparation using the behavioral indexes of SRTs and oculomotor captures. A secondary goal of this experiment was to examine how
saccadic preparation was temporally updated as reward probability was
removed as a factor during dual-target trials. The expected value of the
saccadic targets was manipulated across 15 blocks of trials by varying
the probability of the left/right target presentation over three levels and
the magnitude of left/right monetary reward over five levels (Table 1).
Distractors were presented at one of four locations (Fig. 1 B): 8° left or
right of the fixation point (i.e., at possible target locations) or 8° up or
down relative to the fixation point (i.e., orthogonal to where targets were
presented).
Each block consisted of 220 trials (60% control trials, 30% distractor
trials, and 10% dual-target trials) and lasted ⬃15 min in length. Subjects
were informed of their cumulative payoffs at the end of each block of
trials. Subjects were paid at the end of each experimental session the total
payoff for all performed blocks. For each day of testing, subjects completed two to three blocks of trials, resulting in a 45– 60 min (including
setup and breaks) experimental period. Additional days of testing were
required until all 15 blocks were completed. Block order was randomized
across subjects.
Experiment 2: influence of expected value on the spatial allocation of
saccadic preparation. The goal of this experiment was to explore how
expected value influences the spatial allocation of saccadic preparation.
This condition was identical to that of experiment 1 with two exceptions.
First, the distractor could appear at one of 50 locations (Fig. 1 D) rather
than only four. These distractors were arranged into two grids of 25
appearing 0°, ⫾3°, and ⫾6° horizontally and vertically around each target location. Second, to obtain sufficient data for each distractor location,
it was not feasible to perform all 15 expected value conditions. Therefore,

subjects performed three repetitions of five specific 240 trial blocks that
spanned the relative expected value range (Table 1, bold rows). In addition, distractor trials accounted for 40% of trials during experiment 2
compared with 30% in experiment 1.
Subjects performed 720 trials for each expected value condition. This
resulted in five to six presentations of the distractor at each distractor
location for each of the five expected value conditions. Data were pooled
for all six subjects, resulting in ⬃33 presentations of each distractor
location for each expected value condition (see Fig. 8 A).
Data analysis. SRTs were defined as the time between target presentation and the initiation of the first correct saccade. Saccadic initiation was
the time at which peak velocity reached 30°/s. A correct saccade was
defined as the first saccade initiated between 70 and 370 ms after target
onset that landed within 3° of the target. Oculomotor captures were
defined as saccades that landed within ⫾5° of the distractor during the
200 ms period extending from 70 ms after distractor onset to 70 ms after
target presentation. Spatial constraints were relaxed (i.e., from ⫾3° to
⫾5°) for distractor-directed errors, because these saccades tended to be
hypometric relative to target-directed saccades (Theeuwes et al., 1998).
The relative expected value associated with a target was defined as the
proportion of expected value of one target divided by the sum of expected
values for both targets: Relative Expected Value ⫽ [p(T1) ⫻ r(T1)]/
([p(T1) ⫻ r(T1)] ⫹ [p(T2) ⫻ r(T2)]), where p(T1) and p(T2) denote the
percentage of times target 1 (T1) and target 2 (T2) appear, respectively,
during a given block of trials, and r(T1) and r(T2) denote the percentage
of 4 cents allocated to each of the two targets, respectively.
Relative reward probability was defined as the proportion of times a
target appeared at one target location divided by the sum of reward
probabilities for both targets regardless of reward magnitudes associated
with those targets: Relative Reward Probability ⫽ p(T1)/[p(T1) ⫹ p(T2)].
Relative reward magnitude was defined as the proportion of 4 cents
allocated to one target divided by the sum of the proportions of 4 cents
allocated to both targets regardless of reward probability associated with
those targets: Relative Reward Magnitude ⫽ r(T1)/[r(T1) ⫹ r(T2)].
Throughout, left and right data sets that had the same reward probabilities and magnitudes were collapsed together.
Motivation was defined as the mean amount of monetary reward
earned per trial of a block (adapted from Roesch and Olson, 2004). Some
blocks of trials resulted in larger total earnings for the subjects (e.g., 0.9
reward probability and 0.9 reward magnitude to the T1 compared with
0.9 reward probability and 0.1 reward magnitude to T1). A higher
amount of money per trial could result in a higher motivation level and
conceivably lead to an increase in overall saccadic preparation (Stellar
and Stellar, 1985). Unlike the other top-down factors described above,
motivation was associated with a block of trials and not spatially associated with each target. Because motivation should influence all saccadic
behaviors globally, all locations for each saccadic behavior (i.e., T1 and T2
for SRT; up, down, left, and right distractor locations for oculomotor
captures) were collapsed together. Motivation was calculated by obtaining the total amount of reward accrued in a given block of trials and then
dividing that by the number of correct trials performed in that block:
Motivation ⫽ [r1(T1) ⫹ r1(T2)]/Tc, where rt(T1) and rt(T2) denote the
total monetary reward accrued during one block of trials for correct
saccades made toward T1 and T2, respectively, and Tc denotes the total
number of correct trials for one block of trials.
Statistical analysis. The relationship between top-down factors (expected value, probability, magnitude, and motivation) and the various
behavioral measures (SRT, oculomotor captures, and dual-target selection) were measured with the Pearson correlation coefficient. Kruskal–
Wallis ANOVA on ranks for non-normal samples tests followed by an
all-pairwise multiple-comparison procedure (Student–Neuman–Keuls)
determined whether cumulative correlation distributions varied significantly between top-down factors (see Fig. 5). All statistics were performed with the statistical software package SigmaStat version 3.1 (Systat
Software, San Jose, CA) with significance levels set at p ⬍ 0.05 unless
otherwise stated.

Milstein and Dorris • The Influence of Expected Value on Saccadic Preparation

Horizontal Eye Position (degrees)

A

Control Trials
10

B

Distractor Trials

J. Neurosci., May 2, 2007 • 27(18):4810 – 4818 • 4813

C Dual Target Trials

expected value of the up and down targets
(data not shown) (Student–Newman–
Keuls method; p ⬍ 0.05).

Influence of other top-down factors on
saccadic preparation
0
Other top-down factors in addition to relative expected value could conceivably af−5
fect saccadic behaviors during the present
−10
paradigm. If relative expected value is cor200
400
600
800
200
400
600
800
200
400
600
800
related to saccadic preparation, then the
Time from Fixation Point Offset (ms)
subcomponents of expected value (relative reward probability and relative reFigure 2. Eye traces for an individual subject during one block of trials. The left (downward deflections) target had a relative
ward magnitude) should also be correexpected value of 0.21 (reward magnitude, 0.7; probability, 0.1), and the right (upward deflections) target had a relative expected
lated to saccadic preparation, albeit to a
value of 0.79 (reward magnitude, 0.3; probability, 0.9). The times of target and distractor presentation are denoted by red and
green vertical lines, respectively. Target-directed correct saccades and distractor-directed oculomotor captures are denoted by red lesser degree. Moreover, changing levels of
and green eye traces, respectively. The shaded red and green windows represent the time during which saccade initiation must motivation resulting from differences in
overall payoffs across blocks of trials may
have occurred to be classified as a correct saccade or an oculomotor capture, respectively.
play a role in saccadic preparation (Roesch
and Olson, 2003, 2004; Ravel and Richmond, 2006). Therefore, we examined the extent to which these
Results
Experiment 1: influence of expected value on
three other top-down factors affected behavioral measures of
saccadic preparation
saccadic preparation.
The influence of expected value on the level of saccadic preparaFor all subjects, across all 15 blocks of trials, SRT was negation was first indexed by measuring SRTs associated with each
tively correlated with each of relative reward probability (Fig. 3B)
target during control trials. Figure 2 A shows a representative
(R 2 ⫽ 0.51; p ⬍ 0.05), relative reward magnitude (Fig. 3C) (R 2 ⫽
0.40; p ⬍ 0.05), and motivation (Fig. 3D) (R 2 ⫽ 0.71; p ⬍ 0.05).
block of trials in which 0.79 of relative expected value was assoOculomotor captures to the horizontal distractors were posiciated with the right target and 0.21 with the left target. Saccades
tively correlated to relative reward probability (Fig. 4 B, filled
were initiated more quickly after the presentation of the highsymbols) (R 2 ⫽ 0.65; p ⬍ 0.05). However, the correlations bevalued right target than the low-valued left target, as evidenced by
tween oculomotor captures and each of relative reward magnithe earlier upward deflections of the eye traces (Fig. 2 A). For all
tude (Fig. 4C) (R 2 ⫽ 0.19; p ⬎ 0.05) and motivation failed to
subjects, across all 15 blocks of trials, there was a negative correreach significance (Fig. 4 D) (R 2 ⫽ 0.24; p ⬎ 0.05). No top-down
lation between SRT and relative expected value of the targets (Fig.
2
factor was correlated to the proportion of distractors presented at
3A) (R ⫽ 0.87; p ⬍ 0.05).
The level of saccadic preparation was also probed by the
locations orthogonal to the targets (Fig. 4 B, C, open symbols)
abrupt presentation of distractors (Fig. 1 B). The proportion of
( p ⬎ 0.05).
oculomotor captures assessed saccadic preparation at nontarget
To quantify whether relative expected value was better correlocations (i.e., up/down) in advance of target presentation (i.e.,
lated to saccadic preparation than these other top-down factors,
halfway through the warning period). If saccadic preparation is
we plotted the correlation coefficients generated from each suballocated based on the relative expected value of potential actions,
ject during these analyses (Table 2) in cumulative form (Fig. 5).
the proportion of oculomotor captures to left and right distracThe number of individual subjects that displayed significant cortors should vary with the relative expected value of these targets,
relations (Fig. 5, filled symbols; Table 2, bold type) was greater for
whereas oculomotor captures should rarely be directed toward
relative expected value than all other top-down factors. In fact,
the distractors presented at the valueless up and down locations.
every subject, except subject 6, had a statistically significant corDuring the same representative block of trials, distractors prerelation between relative expected value and SRT. Overall, relasented at the location of the higher-valued target induced more
tive expected value was better correlated to SRT than reward
oculomotor captures than distractors presented at the location of
probability, reward magnitude, and motivation (Fig. 5A) (Stuthe lower-valued target (Fig. 2 B). For all subjects, across all 15
dent–Newman–Keuls method; p ⬍ 0.05).
blocks of trials, there was a significant positive correlation beA similar pattern was observed for oculomotor captures (Fig.
tween relative expected value of the collapsed left and right targets
5, filled symbols; Table 2, bold type). Again, every subject showed
and the proportion of oculomotor captures directed to distraca statistically significant correlation between relative expected
tors at those locations (Fig. 4 A, filled symbols) (R 2 ⫽ 0.82; p ⬍
value and oculomotor captures except for subject 6. Overall, rel0.05). Subjects rarely, if ever, looked toward the up and down
ative expected value was significantly better correlated to oculodistractors (Fig. 4 A, open symbols).
motor captures than magnitude of reward and motivation (Fig.
We performed a control experiment with four subjects in
5B) ( p ⬍ 0.05), and the difference seen between relative expected
which the saccadic targets were presented vertically instead of
value and relative reward probability approached significance
horizontally to rule out the possibility that there was a tendency
(Fig. 5B) ( p ⫽ 0.054).
for oculomotor captures to be preferentially directed toward distractors presented along the horizontal plane. Only a subset of
Validity of oculomotor captures as an index of
blocks was used for this control experiment (Table 1, bold rows).
saccadic preparation
We found that not only were more oculomotor captures directed
To test the validity of oculomotor captures as a probe of saccadic
toward the up and down distractors than those left and right, but
preparation, it was compared with an established measure of
the proportion of oculomotor captures varied with the relative
saccadic preparation, SRT, on a subject-by-subject basis (Fig. 6).
5
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Oculomotor Captures - Distractor Trials

Saccadic Reaction Times - Control Trials

A

R2= 0.51*

Proportion of
Oculomotor Captures

SRT (ms)

A

B
R2= 0.87*

220
200
180
160
0

0.5

0.1

0

1

C

D

180
160
0.5

Relative Reward Magnitude

0.6
0.4
0.2
0

1

0

0.01

0.02

0.03

Reward per trial ($)

Figure 3. Influence of top-down factors on SRT. A–D, Mean SRT data for 10 subjects plotted
as a function of relative expected value (A), relative reward probability (B), relative reward
magnitude (C), and motivation across the 15 blocks of trials (D). Each data point represents a
combination of a certain reward probability (square, 0.1; circle, 0.5; triangle, 0.9) and reward
magnitude (blue, 0.1; black, 0.3; red, 0.5; green, 0.7; cyan, 0.9). The black lines represent the
least-squares linear regression. The asterisks denote a statistically significant correlation
( p ⬍ 0.05).

The correlation that a subject had between a top-down factor and
SRT was also predictive of the correlation that a subject had for
that top-down factor and oculomotor captures. This relationship
was statistically significant for relative expected value (Fig. 6 A)
(R 2 ⫽ 0.90; p ⬍ 0.05), reward probability (Fig. 6 B) (R 2 ⫽ 0.90;
p ⬍ 0.05), and reward magnitude (Fig. 6C) (R 2 ⫽ 0.39; p ⬍ 0.05),
but not motivation (Fig. 6 D) (R 2 ⫽ 0.33; p ⬎ 0.05). That these
two behavioral measures were correlated for each subject across
manipulations of the three spatially localized top-down factors
bolsters the use of oculomotor captures for probing saccadic
preparation at the time and location of distractor presentation.
Temporal updating of saccadic preparation: dual-target trials
Whereas only one saccadic target was presented during distractor
and control trials, two targets were simultaneously presented
during dual-target trials. Probability was suddenly removed as a
top-down factor, because selecting either target was guaranteed
to yield its associated reward. Therefore, selection of the target
with the highest reward magnitude maximized reward during
dual-target trials. Indeed, target selection was significantly correlated to relative reward magnitude (Fig. 7C) (R 2 ⫽ 0.77; p ⬍ 0.05)
but not to relative reward probability (Fig. 7B) (R 2 ⫽ 0.13; p ⬎
0.05). Target selection was still significantly correlated with the
relative expected value of the targets (Fig. 7A) (R 2 ⫽ 0.67; p ⬍
0.05).
Responses were on average 37 ms slower during dual-target
trials (Fig. 7D, open symbols) than during control trials (Fig. 7D,
filled symbols) (paired t test; p ⬍ 0.05). There was no significant
difference in the correlations between target selection and relative
reward magnitude or relative expected value (Fig. 5C) ( p ⬎
0.05), suggesting that 37 ms was insufficient time to completely
alter ongoing saccadic preparation processes.
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0

Relative Expected Value

Proportion of
Oculomotor Captures
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0

R = 0.82*
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0

C
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2
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B
1
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1
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D
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0.03
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Figure 4. Influence of top-down factors on oculomotor captures. A–D, Mean proportion of
oculomotor captures for 10 subjects plotted as a function of relative expected value (A), relative
reward probability (B), relative reward magnitude (C), and motivation across the 15 blocks of
trials (D). The format used is the same as in Figure 3. A–C, Oculomotor captures are segregated
into those directed to either the left/right (filled symbols) or up/down (open symbols) distractors. The least-squares regressions (black lines) are fit to the left/right distractor data and not
the up/down data. D, Oculomotor captures to all four distractor locations are collapsed
together.

Experiment 2: the influence of relative expected value on the
spatial allocation of saccadic preparation
The aim of experiment 2 was to examine how expected value
influenced the spatial allocation of saccadic preparation. Results
from distractor trials in experiment 1 provided preliminary evidence for such a spatial allocation; oculomotor captures were
distributed in proportion to the relative expected value of the left
and right targets and almost never directed toward distractors
presented at the valueless up and down locations. To achieve
higher resolution of spatial encoding, distractors were presented
at 50 possible locations (Fig. 1 D) in experiment 2. Thus, the
pattern of oculomotor captures provided an index of how saccadic preparation was spatially allocated just before the presentation of valued targets.
In total, 18,438 trials were collected from six subjects, 8209 of
these being distractor trials. A distractor appeared at each of the 50
locations (Fig. 1D) on average 33 times for each of the five expected
value conditions. The spatial distribution of saccadic preparation
can be observed qualitatively in the contour plots of the proportion
of oculomotor captures directed to distractor locations (Fig. 8A). As
the expected value of each target varied, so did the proportion of
oculomotor captures surrounding those targets.
The relationship between oculomotor captures and the distance between distractors and valued targets was further quantified in Figure 8 B. The proportion of oculomotor captures was
calculated as a function of the absolute distance of the distractors
from the targets (Fig. 8 B). For example, the absolute distance of
the distractor presented at the target location was 0°, and the
absolute distance of the distractors presented at the nearest locations above, below, left, and right of the target was 3°. Distractors
of the same absolute distance were averaged together. Only
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Table 2. Correlation coefficients between top-down factors and behavior for individual subjects in experiment 1
Subject
Control trials: SRT
1
2
3
4
5
6
7
8
9
10
Distractor trials: proportion of oculomotor captures
1
2
3
4
5
6
7
8
9
10
Dual-target trials: percentage of selections
1
2
3
4
5
6
7
8
9
10

Relative reward probability

Relative reward magnitude

Relative expected value

Motivation

ⴚ0.71
⫺0.50
ⴚ0.77
ⴚ0.78
⫺0.49
⫺0.01
ⴚ0.67
ⴚ0.68
ⴚ0.82
⫺0.43

⫺0.46
ⴚ0.79
ⴚ0.52
⫺0.33
ⴚ0.65
⫺0.49
ⴚ0.58
⫺0.33
⫺0.49
ⴚ0.54

ⴚ0.81
ⴚ0.85
ⴚ0.86
ⴚ0.81
ⴚ0.76
⫺0.28
ⴚ0.90
ⴚ0.74
ⴚ0.95
ⴚ0.62

ⴚ0.58
⫺0.50
⫺0.43
ⴚ0.62
ⴚ0.64
⫺0.04
ⴚ0.52
⫺0.45
ⴚ0.62
0.36

0.76
0.53
0.78
0.70
0.49
0.30
0.66
0.72
0.81
0.59

0.31
0.53
0.35
0.21
0.31
0.11
0.65
0.13
0.50
0.36

0.75
0.75
0.79
0.73
0.61
0.28
0.90
0.65
0.91
0.68

0.22
0.05
⫺0.17
0.28
0.25
0.20
0.40
0.21
0.71
⫺0.18

0.23
0.18
0.19
0.74
0.11
0.43
0.44
0.48
0.48
0.31

0.90
0.92
0.90
0.59
0.94
0.78
0.81
0.78
0.81
0.80

0.73
0.71
0.68
0.97
0.65
0.78
0.89
0.79
0.91
0.72

Bold type indicates significance at p ⬍ 0.05 (Pearson correlation).

Control Trials B Distractor TrialsSaccadic Reaction Times
Proportion of Errors

Cumulative Number of Subjects

A
10

C

Dual Target TrialsProportion of Selections

pected value of the two targets and decreases with distance from those valued
targets.

Discussion

Our findings suggest that the relative expected value of potential outcomes is a
strong predictor of saccadic preparation. We
4
quantified saccadic preparation using two
behavioral measures, SRTs and oculomotor
2
captures. In many instances, reward proba0
bility, reward magnitude and motivation
−1 −0.8 −0.6 −0.4 −0.2
0
0.2 −0.2
0
0.2 0.4 0.6 0.8
1 −0.2 0
0.2 0.4 0.6 0.8
1
were correlated to these behavioral meaCorrelation Coefficient (R value)
sures (Figs. 3, 4). Overall, however, saccadic
Figure 5. Cumulative distributions of correlation coefficients for top-down factors and behavioral measures. Each data point behaviors were better correlated to relative
represents the correlation coefficient from one subject calculated in the same manner as in Figures 3 and 4. Blue, Relative reward expected value than these other top-down
probability; green, relative reward magnitude; red, relative expected value; black, motivation; filled circles, significant correlation factors (Table 2, Fig. 5A,B). Reward proba( p ⬍ 0.05).
bility was abruptly removed as an informative top-down factor during the occasional
dual-target trial (Fig. 7B), and target selecdistractors presented in the same hemifield were included in this
tion was correlated only to reward magnitude and expected value
analysis. The proportion of oculomotor captures decreased in a
(Fig. 7A,C). The second experiment examined how saccadic prepalinear manner as the distance between distractors and targets
ration was spatially allocated during manipulations of expected
increased across all five relative expected value conditions ( p ⬍
value. We found that the level of saccadic preparation decreased
0.05 in all cases). Together, the results from experiment 2 suggest
that saccadic preparation is allocated based on the absolute exlinearly with distance from valued targets (Fig. 8).
8
6
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B
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Figure 6. Comparison of oculomotor captures and SRT correlations on a subject-by-subject
basis. Each data point represents the correlation coefficient from one subject (Table 2) for
oculomotor captures compared with the correlation coefficient for SRT plotted for each topdown factor. A, Relative expected value. B, Relative reward probability. C, Relative reward
magnitude. D, Motivation.
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C
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D
1
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0.5
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Figure 7. Influence of top-down factors on saccadic selections during dual-target trials.
A–C, Mean proportion of saccadic selections for 10 subjects plotted as a function of relative
expected value (A), relative reward probability (B), and relative reward magnitude (C). D,
Comparison of SRTs for dual-target trials (open symbols) and control trials (filled symbols). The
format used is the same as in Figures 3 and 4.

Oculomotor captures as a temporal and spatial probe of
saccadic preparation
SRTs are commonly used as an index of saccadic preparation
(Carpenter and Williams, 1995; Munoz et al., 2000). Here, oculomotor captures provided supplementary information about
the level of saccadic preparation at specific times and spatial locations not provided by target-directed SRTs. Although abruptonset visual distractors are known to trigger saccades (Theeuwes
et al., 1998, 1999), influence SRTs (Walker et al., 1997), and cause

deviations in saccade trajectories (McSorley et al., 2004), they
have not been used as a directed probe of underlying saccadic
preparation. Abrupt-onset distractors served a function here
similar to the function that abrupt-onset electrical microstimulation of the visuosaccadic circuitry served for the examination of
saccadic preparation during a perceptual discrimination task
(Gold and Shadlen, 2000). These authors argued that deviations
in the endpoints of stimulation-induced saccades reflected motor
bias for producing the choice response associated with the evolving perceptual decision. Importantly, these deviations in saccadic
endpoints occurred only when there was direct and predictable
mapping between stimulus and response (Gold and Shadlen,
2003), suggesting that oculomotor captures more accurately reflect advanced saccadic preparation rather than cognitive process
related to the decision-making process itself.
Oculomotor captures were not directed to all distractor locations equally, but appeared to reflect underlying biases in saccadic preparation associated with the relative expected value of
targets. The probability that a distractor would trigger an oculomotor capture was correlated to the relative expected value of the
targets presented at the same location (Fig. 3, filled symbols) and
uncorrelated to distractors presented at the valueless up/down
locations (Fig. 3, open symbols). A control experiment ruled out
the possibility that a tendency to make oculomotor captures preferentially toward horizontal rather than vertical stimuli influenced our results. When the valued targets were placed at the
up/down locations, oculomotor captures were directed to these
locations and rarely to horizontal distractors. Moreover, the influence of top-down factors on oculomotor captures was correlated to the influence of those top-down factors on an established
measure of saccadic preparation, namely SRTs, on a subject-bysubject basis (Fig. 6). This suggests that the neural mechanisms
responsible for variability in SRTs and triggering oculomotor
captures are linked. Together, these results validated oculomotor
captures as a behavioral probe of the otherwise covert process of
saccadic preparation at both the time and location of distractor
presentation.
The effects of relative expected value on saccadic preparation
An important finding is that saccadic preparation is better correlated to the relative expected value of actions than the components of relative expected value, reward probability and reward
magnitude (Fig. 5). This finding suggests that previous work
claiming behavioral and neural correlates of reward probability
(Carpenter and Williams, 1995; Basso and Wurtz, 1998; Dorris
and Munoz, 1998; Platt and Glimcher, 1999) and reward magnitude (Leon and Shadlen, 1999; Platt and Glimcher, 1999; Lauwereyns et al., 2002; Takikawa et al., 2002; Ding and Hikosaka,
2006) on motor behaviors may be more accurately interpreted as
correlates of expected value.
Saccadic preparation was also better correlated to relative expected value than motivation, defined as the overall rate of reward intake within a block of trials. In other experiments, in
which the magnitude of rewards or punishments were manipulated under conditions in which the expected value of the available options remained constant, motivational effects have been
clearly observed (Roesch and Olson, 2004; Ravel and Richmond,
2006). Therefore, additional experiments are required to discern
how expected value and motivation are combined across different contexts.
Although we have interpreted our results as relative expected
value influencing saccadic preparation processes, another possibility is that our results were mediated by the influence of ex-
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pends on whether the distractor-related
visual transient combines with the existing
baseline activation to overcome the
0.6
threshold or fixation-related activation.
This interpretation is consistent with the
0.5
lack of oculomotor captures directed
0.4
toward distractors presented at valueless
locations orthogonal to the targets. Pre0.3
6 Relative expected value of left target = .79
Relative expected value of left target = .01
senting the distractor at any one of 50 dif3
0.2
ferent locations in experiment 2 (Fig. 1 D)
0
revealed the influence of relative expected
0.1
-3
value on the spatial distribution of dynamic
0
neural fields in more detail. We interpret the
-6
-14 -11 -8 -5 -2
2 5 8 11 14
Horizontal stimulus position (degrees)
contour plots of oculomotor captures (Fig.
Relative expected value of left target = .50
B 0.6
8A) as reflecting snapshots of how dynamic
0.5
fields of saccadic preparation are preshaped
0.4
by relative expected value at the time of
0.3
distractor presentation.
0.2
Dynamic field theory also provides a
0.1
-14 -11 -8 -5 -2
2 5 8 11 14
Horizontal stimulus position (degrees)
0
possible mechanism for the dual-target results. When two targets appear at distant
0 1 2 3 4 5 6 7 8 9
Absolute Distance of Distractor
locations in visual space, the activity assoFrom Target (degrees)
ciated with these two regions compete
Figure 8. Spatial allocation of saccadic preparation based on relative expected value of options. A, Three-dimensional contour through inhibitory interactions, so that
maps showing the proportion of oculomotor captures made at each distractor location. Each white dot represents a possible this sensory activation takes longer to
distractor location, and the red dots indicate possible target locations for reference. Note that distractors can be presented at the reach threshold, thus slowing SRTs
location of targets as well. B, Proportion of oculomotor captures directed toward distractors as a function of their distance from the (Walker et al., 1997; Munoz and Istvan,
target in the same hemifield. Each color represents one of the five different relative expected value conditions in experiment 2. 1998), which, in our case, averaged 37 ms.
Red, 0.99; green, 0.79; black, 0.50; yellow, 0.21; blue, 0.01.
This extra time may have allowed the contribution of reward probability toward
pected value on attentional resources. Because the target stimulus
saccade preparation to be attenuated and the contribution of
and saccadic response were both confined to the same region of
reward magnitude to be enhanced. However, 37 ms seems a very
visual space, our task was not designed to tease apart saccadic
short time to allow such a strategic transition of top-down signals
preparation and visuospatial attention mechanisms (Sparks,
to take place.
1999; Maunsell, 2004). To do so would require tasks in which the
An alternative dynamic neural field mechanism that could
motor response and attentional resources were dissociated from
account for our dual-target results involves probability and mageach other (Juan et al., 2004). However, if expected value only
nitude of reward being represented as separate signals within the
influenced attentional mechanisms, then to achieve the observed
field. For example, some neurophysiological evidence suggests
saccadic effects (i.e., SRTs and oculomotor captures) would rethat probability may exert its effects most heavily on pretarget
quire a strong link between attentional resources and saccadic
activity (Dorris and Munoz, 1998), whereas reward magnitude
preparation (Rizzolatti et al., 1987).
may exert its effects by adjusting the gain of incoming visual
responses across the dynamic field (Ikeda and Hikosaka, 2003).
Dynamic field theory
Therefore, it is plausible that probability would have its greatest
Dynamic field theory provides a useful framework for interpreteffect when there was little competition during single-target triing the results of this study [for review of dynamic field theory,
als. Under these conditions, high pretarget activity could sumsee Wilimzig et al. (2006); for comparable models, see Usher and
mate with the visual transient to surpass the threshold level reMcClelland (2001) and Ratcliff (2006)]. Briefly, a saccade is genquired to trigger short SRTs and oculomotor captures. During
erated when activation across a topographically organized map of
dual-target trials, competition would prevent either of the visual
potential saccadic vectors either surpasses a threshold level or
signals from immediately surpassing threshold. Therefore, the
overcomes fixation-related activation. Spatially adjacent regions
pretarget shaping of dynamic neural fields by probability would
excite each other and distant regions inhibit each other (Koch
have little effect. Modification of visual inputs by reward could
and Ullman, 1985; Munoz and Istvan, 1998), resulting in comthen exert a more pronounced and long-lasting effect under these
petitive integration of signals across this map.
conditions of delayed SRTs.
The results from experiment 1 illustrate how the level of dynamic neural fields may be influenced by the relative expected
Conclusion
value of potential saccades. First, removal of the fixation point
We conclude that expected value is not only an important factor
reduces fixation-related activation, thus disinhibiting the
for deliberative decision making but also for the advanced prepsaccade-related regions of the map during the warning period
aration of simple motor actions, such as saccadic eye movements.
(Dorris et al., 1997). The relative expected value of the potential
Our results suggest that dynamic neural fields representing posaccades then shapes this baseline level in a more spatially localtential saccadic vectors are shaped, in large part, by the potential
ized manner, as evidenced by its influence on target-directed
value of the available options. Future physiological recordings are
SRTs (Fig. 3) and distractor-directed oculomotor captures (Fig.
required to determine how different top-down factors such as the
4). Whether an oculomotor capture is triggered presumably deprobability and magnitude of reward and motivation are
Relative expected value of left target = .20

0.7

Proportion of Oculomotor Captures

Proportion of
Oculomotor Captures

Vertical Stimulus Position (degrees)

A Relative expected value of left target = .99
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combined at the neuronal level to achieve the observed saccadic
behaviors.
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