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J Neurophysiol 119: 413–421, 2018. First published November 8,
2017; doi:10.1152/jn.00634.2017.—When exploring the visual envi-
ronment, one uses saccades to shift gaze and fixation to gather
spatially and temporally localized information. We propose that the
temporal structure of our environment should constrain the temporal
allocation of saccades. Here we probe the possibility of learning to
control saccadic latencies in a choice paradigm. Six participants made
saccades within 80–300 ms following a target horizontally stepping
by 10° between two fixed locations. For each participant we con-
structed two classes of latencies, “short” and “long,” using the first
and last quartiles of the individual baseline distribution (e.g., [80;152]
ms and [185;300] ms, respectively). We then concurrently reinforced
each class in three blocked conditions across ~60 experimental ses-
sions per participant, using different reinforcement probabilities such
that the relative ratio of reinforcement rates for short vs. long latencies
was 9/1, 1/9, or 1/1. Latency distributions followed the reinforcement
conditions: distributions shifted toward the shorter or longer values or
became strongly bimodal. Moreover, the relative rates of short over
long latencies matched the relative rates of reinforcers earned for the
corresponding latencies (slope up to 0.95), which reveals the ability to
choose when to saccade. Our results reveal that learned contingencies
considerably affect the allocation of saccades in time and are in line
with recent studies on the temporal adjustment of behavior to dynamic
environments. This study provides strong evidence for fine operant
control of saccadic latency, supporting the hypothesis of a cost-benefit
control of saccade latencies.

NEW & NOTEWORTHY Saccades may be regarded as an infor-
mation-foraging behavior mostly concerned with the spatial localiza-
tion of objects, yet our world is dynamic and environmental temporal
regularities should also affect saccade decisions. We present behav-
ioral data from a choice task establishing that humans can learn to
choose their saccadic latencies depending on the reinforcement con-
tingencies. This suggests a cost-benefit-based policy that takes into
account the learned temporal properties of the environmental contin-
gencies for controlling saccade triggering.

decision; latency; learning; matching law; saccade

INTRODUCTION

Resources are not evenly distributed but instead are local-
ized, and to successfully interact with their environment ani-
mals must engage in foraging activities that result in finding
food or a potential mate but also avoiding predators or aversive
stimuli. Importantly, these requirements also apply to stimuli
signaling the availability of resources: information is localized
as well. This is particularly true for visual information, and the
necessity to orient toward stimuli provides strong evolutionary
pressures that have shaped the eye movement systems of
animals depending on the visual neural structures and behav-
ioral needs of each species (Krauzlis 2008; Land 2011). In
primates an additional requirement arises from the presence of
a restricted high-photoreceptor-density region of the retina, the
fovea, and a corresponding increased functional acuity: we use
saccades to shift gaze and fixation in combination to gather
information when exploring our environment.

However, another critical feature of our environment is that
it is dynamic and constantly changing: information is therefore
also localized in time, and because the fraction of our visual
surroundings perceived at any given moment is limited we
must decide when as much as where to look, a fact that has
been mostly overlooked so far (Hoppe and Rothkopf 2016).
That visual information-foraging activity is most certainly
dependent on both the spatial and temporal structure of our
environment is indeed striking. To borrow an image from
Hoppe and Rothkopf (2016), consider a person exploring the
visual environment before crossing a busy street: the obser-
ver’s behavior will be driven by environmental regularities to
select informative spatial locations such as the street itself and
ignore others such as the sky or the buildings. Because pedes-
trians, bicycles, and cars are obstacles with different temporal
properties, the observer might also use these regularities to
sequentially allocate his/her limited visual resources over time.
One may therefore postulate that we learn and use the temporal
properties of our environments to shift gaze toward potentially
informative locations at the right time. In other words, the
temporal organization of our environment should constrain the
temporal allocation of saccades.

These environmental temporal properties might have differ-
ent forms. On the one hand, environmental temporal statistics,
such as event durations, might be exploited: Hoppe and Roth-
kopf (2016) elegantly demonstrated that observers learned to
efficiently shift gaze rapidly across two locations or to maintain
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longer fixations depending on the durations of events occurring
at each location. For instance, there is no need to gaze at a
traffic light that has just turned red, as it is highly probable that
it will remain red for some time. In this case, learning the
temporal structure of the environment is used to gather infor-
mation efficiently. On the other hand, events in the environ-
ment might signal when gaze should be shifted: it might be
informative to shift gaze toward the traffic light right away if
you detect that the cars to the right of the intersection stop. In
this case, learning the temporal structure of the environment
reinforcement contingencies, that is, the temporal relations
between external events, behavior, and consequences, is used
to control gaze allocations. Here we focus on this second type
of temporal environmental structure. However, one might
question whether these differences are of functional signifi-
cance, as in both cases it appears that one might detect
temporal regularities in the occurrence of events, learn them,
and use them to choose when to allocate visual resources to
gather information regarding the state of the environment.

Saccadic reaction times (SRTs) have become one of the
main behavioral measures to quantitatively study decision
processes and are conventionally viewed as reflecting the
accumulation of information during decision-making process
(see Gold and Shadlen 2007 for a review). A critical feature of
these models is that the SRT is viewed as a by-product of an
underlying decision process: one decides where but not when
to move the eyes because a saccade is triggered as soon as
enough evidence has been accumulated. Departing from this
basic assumption of evidence-accumulation models, we asked
whether SRTs might be allocated depending on the temporal
structure of environmental contingencies. We considered a
decision-making task in which participants were offered re-
wards contingent on their saccade latencies. A critical compo-
nent of our experiments was that we manipulated the proba-
bility of rewarding saccades with short or long latencies such
that participants were free to choose their SRT on each trial
according to the actual reinforcement contingencies in force.

To investigate the adaptation of SRTs to the temporal
properties of the environmental contingencies we designed a
task with four critical features. First, alternating between two
fixed target locations isolated the temporal aspects of saccades
from spatial selection and visual information other than target
step. Second, we used the actual individual latencies to define
“short” and “long” SRTs, to avoid imposing arbitrary con-
straints on SRT distributions. Third, we designed a temporal-
choice task to probe the extent of control over SRTs, allowing
us to quantify the allocation of latencies in response to the
temporal structure of the reinforcement contingencies. Finally,
we reinforced specific latencies to probe whether the law of
effect (Thorndike 1927) could apply to SRTs. Our results
clearly demonstrate that temporal regularities in the environ-
mental contingencies consistently control SRTs, suggesting
that observers learn to alter the triggering of saccadic eye
movements in response to new environmental contingencies.

METHODS

Participants

Six adults (2 men and 4 women; mean age � 26.7 yr, age range:
18–45 yr) participated in this study. They were naive as to the
purpose of the study, except for two participants (i.e., the authors, S1

and S2, who experienced several pilot procedures before the actual
experiment), and had normal or corrected-to-normal vision. Partici-
pants were informed that the experiment was about short and long
reaction times and instructed to earn as many points as possible; no
further explanation was given as to how to earn points. When the
experimental conditions changed, the same instruction was given
again. Naive participants received €30 for participating plus an addi-
tional sum depending on the points collected (1 point equals 2 cts);
they received €94 on average at the end of the experiment. They were
informed that they could earn up to 120 points per session, with a
monetary bonus of €1 for each session in which their score exceeded
100. All experimental procedures received approval from the Ethical
Committee in behavioral sciences of the University of Lille (Agree-
ment No. 2015-1-S34) and conformed to the standards set by the
Declaration of Helsinki. All participants gave written informed con-
sent.

Apparatus

Stimuli were generated with the Psychophysics Toolbox extensions
(Brainard 1997; Pelli 1997) for MATLAB and displayed on a video
monitor (Iiyama HM204DT, 100 Hz, 22 in.). Participants were seated
on an adjustable stool in a darkened quiet room, facing the center of
the computer screen at a viewing distance of 60 cm. To minimize
measurement errors, the participant’s head movements were re-
strained with a chin and forehead rest, so that the eyes in the primary
gaze position were directed toward the center of the screen. Viewing
was binocular, but only the right eye position was recorded and
digitized in both the vertical and horizontal axes. Eye movements
were measured continuously with an infrared video-based eye track-
ing system (EyeLink, SR Research), sampled at 2,000 Hz. Data were
transferred, stored, and analyzed via programs written in MATLAB
running on an Ubuntu Linux computer.

Stimuli were light gray disks (luminance � 15.99 cd/m2), diameter
0.5°, displayed on a dark gray background (luminance � 1.78 cd/m2).
The target position alternated between two fixed locations on the
screen separated by 10° horizontally around the center of the monitor.

Before each experimental session, we calibrated the eye tracker by
having the participant fixate a set of 13 fixed locations distributed
across the screen. Every 50 trials, participants looked at a target
displayed in the center of the screen for a 1-point calibration check.

Procedure

The experiment lasted on average sixty 400-trial sessions divided
among familiarization, baseline, and reinforcement sessions. Two
participants also did four latency training sessions between baseline
and reinforcement (see below). Three daily sessions were typically
recorded, separated by 5-min breaks during which participants were
free to move. On average, the experiment lasted 20 consecutive days
(5 days a week, from Monday to Friday). Regardless of the actual
condition, participants were asked to make saccades toward the
horizontally stepping target.

Familiarization. Participants who had no previous experience in
oculomotor experiments were trained to make saccades without blink-
ing, anticipating, or looking away from the target. The 100-trial
familiarization sessions lasted until at least 90% of saccades were
correctly detected online (see Acquisition and Data Analysis) and
were identical to baseline (see below) except for the number of trials.

Baseline. Seven 400-trial baseline sessions were completed in
which participants made saccades toward the target horizontally
stepping between the two fixed positions (Fig. 1). At the beginning of
the trial, the participant looked at the target for an unpredictable
period varying between 400 and 650 ms (sampled from a uniform
distribution). The target then stepped horizontally by 10° to the other
position. The participant made a saccade with a latency that had to
range from 80 to 300 ms. If the latency was outside this range or if no
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saccade was detected, the target disappeared and the trial was
discarded for off-line analysis. The poststep period depended on
the time elapsed since the beginning of the trial, so that each trial
lasted 1,500 ms; there was no additional intertrial interval. It
should be noted that because the fixation period duration was
randomized the timing of the target step was not predictable. The
target position became the fixation position for the next trial.
Saccadic latency was defined as the interval of time elapsed
between the target step and the saccade onset.

After completion of the baseline, we constructed two individual
latency classes—“short” and “long” saccadic latencies—using the
first and last quartiles, respectively, of baseline latency distributions
for each participant. These class boundaries were fixed for the re-
mainder of the experiment. Latencies between 80 ms and the first
quartile were categorized as short latencies (i.e., the shortest 25% of
all baseline SRTs; e.g., 80–152 ms for S2), and latencies between the
last quartile and 300 ms were categorized as long latencies (i.e., the
longest 25% of all baseline SRTs; e.g., 185–300 ms for S2). The first
and last quartiles were 164 and 214 ms, 152 and 185 ms, 157 and 185
ms, 171 and 207 ms, 140 and 169 ms, and 119 and 169 ms for
participants S1–S6, respectively.

Reinforcement sessions. In all of our reinforcement conditions,
short and long latencies were independently reinforced on a concur-
rent random interval (RI) reinforcement schedule in which the relative
probabilities of reinforcing short and long latencies were manipulated.
The availability of reinforcement is time-controlled with interval
schedules: they require a defined elapse of time since the last rein-
forcer before a response produces reinforcement. Once the interval of
time is elapsed, reinforcement is delivered contingent on the first
correct response. The RI schedule uses probabilities for assigning
reinforcement randomly in time with exponentially distributed inter-
reinforcement intervals (Millenson 1963). Importantly, a reinforcer,
once available, remains available until collected.

A concurrent reinforcement schedule is used to study choice
between two alternatives by having two reinforcement contingencies
operating independently and simultaneously for two responses. Typ-
ically, with interval schedules in a concurrent paradigm participants
do not respond exclusively in one alternative but rather distribute their
choices between the two options because the probability of being
reinforced increases with time (Ferster and Skinner 1957).

The reinforcer consisted of having the target turn green for the
remainder of the trial (luminance � 5.3 cd/m2), a brief auditory
feedback tone (100 ms, 500 Hz), and earning a point that was
exchanged for 2 cts collected at the end of the experiment. The total
number of 400-trial reinforcement sessions completed in each condi-
tion depended on the time needed to reach stable reaction time
distributions. Our stability criterion used the proportion of trials with
short vs. long latencies for the last three sessions with the requirement
that these proportions should not be different by �1.5 standard
deviations from the average of the preceding seven sessions.

Schedule manipulations. Each class of latencies had a probability
of being reinforced, and we manipulated the relative frequency of

reinforcer availability between the two simultaneous concurrent alter-
natives such that the ratio of reinforcement rates for short vs. long
latencies was 1/1, 9/1, or 1/9. Across conditions, the overall pro-
grammed reinforcement rate was always 12 reinforcers per minute
(note that because our trial duration was fixed at 1.5 s this reinforce-
ment rate may be discretized in reinforcement probability per trial). In
the ratio 1/1, both classes of latencies were reinforced with the same
probability; a RI schedule with an interval of 10 s on average was used
for both short and long latencies. In the ratio 9/1, reinforcers were
more often available for short latencies than for long ones (average
intervals for short latencies equaled 5.56 s vs. 50 s for long latencies).
In the ratio 1/9, the opposite was true. A changeover delay was used
so that a reinforcer, once available, could not be collected with the
first response in an alternative after a switch between alternatives. For
instance, if a reinforcer for short latencies was available, the partici-
pants had to saccade twice in a row with short latencies for the
reinforcement to be delivered; if they were to systematically switch
between long and short latencies, they would never obtain a rein-
forcer. This penalty is typically used to eliminate alternation and
compel choice (Herrnstein 1961).

Training. To probe whether latency discrimination training affects
SRT control, we introduced a four-session training phase following
the baseline sessions for the last two participants (S5 and S6). For one
participant, in the first session we instructed that short saccadic
latencies would be reinforced and we used a continuous reinforcement
schedule (i.e., the target turned yellow for every latency within the
criteria). The second session was identical but reinforced long laten-
cies. In the third session, only short latencies were intermittently
reinforced (average intervals for the reinforcer availability equaled
5.56 s). The fourth session was similar, but long latencies were
reinforced. The order between short and long latency reinforcement
sessions was counterbalanced across the two participants.

Acquisition and Data Analysis

Eye movements were recorded and measured throughout each trial.
For online saccade detection, we used the EyeLink online saccade
detector to identify saccade onset and offset, using 30°/s velocity and
8,000°/s2 acceleration thresholds. Saccade parameters were retrieved
on average with a 12-ms delay after saccade offset. For off-line
analyses, saccades with amplitude gain lower than 0.5 or duration
longer than 100 ms were automatically excluded. A human observer
then validated each saccade manually. On average, we kept 97.89%,
93.26%, 95.86%, 98.04%, 95.57%, and 89.74% of saccades for
participants S1–S6, respectively. We observed very few anticipatory
saccades (i.e., saccades with a latency shorter than 80 ms) across the
experiment (0.03%, 0.44%, 0.57%, 0.22%, 0.34%, and 1.26% for
participants S1–S6, respectively).

We used bootstrapping methods (resampling with replacement
100,000 times) to estimate all the individual statistical parameters and
98% confidence intervals (CIs; Efron 1979). Means were compared by
Fisher’s exact test with 100,000 permutations.

RESULTS

Figure 2A plots the saccadic latency distributions for all
sessions for all participants; each column of pixels represents
one 400-trial session, and the color of the pixel in a given row
indicates the frequency of SRTs in that time bin. Importantly,
the distributions changed across experimental conditions: in
the 1/9 condition in which long latencies were more likely to be
reinforced more long SRTs are observed, whereas in the 9/1
condition the opposite is true. Moreover, distributions were
much more spread in the 1/1 condition; bimodal distributions
can even be observed in some participants (e.g., S1 or S5). It is
noteworthy that transitions between conditions were idiosyn-

Fig. 1. Experimental design of an ongoing trial during reinforcement condi-
tions.
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cratic: progressive transitions were observed for some partici-
pants in specific cases (S4, S5, and S6), while other participants
tended to show more abrupt transitions (S1, S2, and S3).
However, these transition patterns were not systematically
observed for a given subject. We now further describe these
data considering the steady state (i.e., the last 5 sessions of
each experimental condition). Figure 2B plots the SRT distri-
butions for the steady state. In comparison to baseline, the
distributions strongly drifted toward shorter values when short
latencies were more often reinforced (i.e., ratio 9/1). When
long latencies were favored (i.e., ratio 1/9), the distributions
shifted toward longer values. In addition, for several partici-
pants (S1, S2, S4, and S5), we obtained a bimodal distribution
when both short and long latencies were under identical rein-
forcement schedules (i.e., ratio 1/1). We observed a large
amount of very short latencies (between 80 and 110 ms) for
three participants (S1, S5, and S6).

To quantify the changes in the distributions, we computed
the respective proportions of long and short latencies with
respect to all latencies for each experimental condition in the
steady-state sessions (Fig. 3). The gray dashed lines in Fig. 3
show the baseline proportions for short and long latencies
(25% each, by construction): data points falling away from
these lines indicate a change in the proportion of short or long
SRTs with respect to baseline levels. In the 9/1 ratio condition,
instead of the baseline 25% the distributions averaged 62.30%
(SD � 16.69) of short latencies and 11.34% (SD � 8.98) of
long latencies. Conversely, in the 1/9 ratio condition, the

distributions averaged 11.85% (SD � 11.46) of short latencies
and 65.75% (SD � 11.14) of long latencies. Finally, in the 1/1
ratio condition, the average proportions were 39.88% (SD �
12.43) for short latencies and 39.91% (SD � 6.59) for long
latencies. For all participants, we observed significant differ-
ences with respect to baseline values: in all three conditions, all

Fig. 2. A: saccade latency frequencies across
all conditions (B, baseline; 1/1, 1/9, and 9/1,
the 3 reinforcement conditions) for all par-
ticipants in each session. Baseline sessions
were combined in a single distribution.
Color indicates the frequency of SRTs. B:
frequency distributions of saccadic latencies
for baseline and ratio 1/1, 1/9, and 9/1 ex-
perimental conditions for all participants in
the last 5 sessions of each condition. Vertical
dashed lines plot the first and last individual
quartiles of baseline distribution, used to
construct the 2 individual classes of laten-
cies. Latencies below the first quartile were
categorized as “short” latencies, and those
above the last quartile were categorized as
“long” latencies.

Fig. 3. Percentage of long latencies as a function of percentage of short
latencies (with respect to all latencies) for each of the last 5 sessions of the 3
reinforcement conditions for all participants. The bootstrap 98% confidence
intervals are shown for both the short and long latency percentages.
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the points were different from baseline levels and 25% was
never within the CIs. This adjustment to reinforcement contin-
gencies was also apparent in the proportions of intermediate-
latency saccades (the central 50% of baseline distributions, i.e.,
latencies comprised between the first and last quartiles, which
were never reinforced; e.g., 153–184 ms for S2). Those pro-
portions considerably decreased for the nonnaive participants
S1 and S2 (13% and 17% on average across conditions,
respectively). For naive participants these proportions were
41%, 33%, 6%, and 28% for participants S3–S6, respectively.
Interestingly, these proportions were lowest for S5 and S6, who
received an additional latency-discrimination training phase.
This is apparent when comparing the distributions in Fig. 2B
(e.g., S4 vs. S5).

To estimate how choices of saccadic latencies depended on
the actual reinforcement conditions, we used the matching law
(Baum 1974; Herrnstein 1961), which states that the relative
rate of choices made to an option matches the relative rate of
reinforcers earned from that option. This law describes the
behavior allocation across reinforcement conditions: the fre-
quency of a behavior occurrence depends on its own reinforce-
ment schedule and on reinforcement frequencies from other
activities performed by the individual. Expressed logarithmi-
cally, the equation, as proposed by Baum (1974) to account for
deviation from strict matching, is

log�B1

B2� � s � log�R1

R2� � log b

B1 and B2 represent the number of responses made for each
alternative, and R1 and R2 correspond to the number of
reinforcers respectively obtained for those options; s is a
measure of the sensitivity of behavior to changes in the relative
rate of reinforcement; log b is called bias, as it measures a
constant proportional preference for one alternative over the
other. Figure 4 illustrates the individual data for all participants
fitted by the method of least squares (solid line). The relative
rates of latencies approximately matched the relative rates of
reinforcement, albeit not perfectly (s � 1 in case of perfect

matching), as measured by the sensitivity of latency choice to
changes in reinforcement ratios, which was 0.95, 0.87, 0.58,
0.57, 0.35, and 0.67 for participants S1–S6, respectively. The
two nonnaive participants (S1 and S2) showed almost a perfect
matching, while sensitivity was lower for S3, S4, and S6. This
range of deviation is classically observed and has been termed
undermatching (see Baum 1979 for a review). The bias re-
mained small, indicating a lack of preference for one of the
latency classes (log b values were 0.02, 0, �0.12, �0.06, 0.06,
and 0.02 for participants S1–S6, respectively). Observations
were overall well fitted by the linear regression computed over
15 points (r2 values were 0.98, 0.96, 0.81, 0.96, 0.95, and 0.96
for participants S1–S6, respectively). Interestingly, we ob-
served the lowest slope (s � 0.35) for S5 even though she had
the lowest overall proportion of intermediate-latency sac-
cades (6%) and the highest reinforcement rate across con-
ditions compared with the other naive participants (8.90
reinforcers/min for S5 vs. 6.35, 7.40, and 7.95 reinforcers/
min for S3, S4, and S6, respectively). One explanation for
the large undermatching in S5 would be that the changeover
delay was not costly enough (see Baum 1974 for a review).
It is noteworthy that this participant received the additional
training phase.

Finally, we asked whether the variations in latencies we
have observed were accompanied by systematic changes in
other saccade metrics. One could postulate that these variations
were correlated with changes in the accuracy of the saccade
such that amplitudes might change with latencies. To assess
this relation we first probed whether there was any difference
in amplitudes and peak velocities as a function of saccade
direction, as left-right asymmetries have been reported (e.g.,
Collewijn et al. 1988; Vergilino-Perez et al. 2012). All partic-
ipants made saccades with slightly shorter amplitudes toward
the left (mean amplitude difference ranging from �0.07° to
�0.46°; all values greater than the null hypothesis 98% CIs)
and had faster peak velocities toward the right (mean peak
velocity difference ranging from �39.99°/s to �70.28°/s; all
values greater than the null hypothesis 98% CIs). We found no

Fig. 4. Relative rates of short and long latencies
(log unit) as a function of relative rates of
obtained reinforcers for short and long laten-
cies (log unit) for the last 5 sessions of the 3
reinforcement conditions for all participants.
B1 and B2 represent the total number of trials
with short and long latencies, respectively; R1
and R2 represent the total number of reinforc-
ers obtained for these 2 classes of latencies,
respectively. Each point plots the log relative
rate of latencies for 1 session. Symbols are as
in Fig. 3. Solid lines were fitted to the data with
the method of least squares. The equations of
the regression lines are shown at top for each
participant. The sensitivities (i.e., slopes of the
linear fits) ranged from 0.35 to 0.95, and the
log bias (i.e., intercept) ranged from �0.12 to
0.06. Dashed lines show the locus of perfect
matching (s � 1.0).
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systematic change in amplitude between short- and long-
latency saccades, regardless of saccade directions. However, as
shown in Fig. 5, the peak velocities were systematically faster
for short-latency saccades (except for S6): the mean difference
in peak velocities between short and long classes was 20.35°/s
(ranging from �5.79°/s to 44.29°/s; all values greater than the
null hypothesis 98% CIs). Surprisingly, participant S6 had
slightly faster peak velocities for long latencies for leftward
saccades but not for rightward saccades.

DISCUSSION

The present study is the first to specifically manipulate SRTs
in a latency-choice paradigm using reinforcement contingen-
cies. SRT distributions considerably changed and choices be-
tween short and long latencies strongly matched reinforcement
contingencies, revealing a fine control of SRTs. Factors such as
visual saliency or reward expectancy (see Sumner 2011) can-
not account for the observed changes in SRT distributions. We
discuss these findings in the context of previous studies on the
temporal organization of behavior below.

SRTs and the Matching Law

Participants matched their SRT relative rates to the obtained
reinforcer relative rates across all reinforcement contingencies
(with the exception of S5, who showed weak matching at best;
see Fig. 4). This matching reveals proper choice adjustment:
our study falls within a long history of research on matching
behavior, i.e., the tendency of participants to match their
relative choices to the relative incomes derived from them
(reviewed in Davison and McCarthy 2016; McDowell 2013).
Matching has been found in a variety of species, behaviors, and
reinforcers (see Baum 1979; de Villiers and Herrnstein 1976
for reviews) such that it has been proposed that it constitutes an

innate policy (Gallistel 2005). From an evolutionary perspec-
tive, matching reveals an effective foraging strategy, as it
results in an equilibrium in which returns from two competing
behaviors are equalized (Sugrue et al. 2004). The systematic
matching relation we observed reveals that our participants
adjusted their SRTs according to the reinforcement contingen-
cies in force: they learned to choose when to saccade with short
or long latency in our temporal foraging task. To our best
knowledge, our study is the first to establish that SRT alloca-
tion follows the same rule as that found for other choice
situations, revealing a common policy of the saccadic system
for spatial (Sugrue et al. 2004) and temporal foraging.

SRTs and Reinforcement

That SRT allocations followed the matching law provides
further evidence that saccades are instrumental behavior (Mad-
elain et al. 2011), i.e., are controlled by their functional
consequences (Skinner 1981), in line with previous studies on
saccade latencies (e.g., Ikeda and Hikosaka 2007; Lauwereyns
et al. 2002; Madelain et al. 2007; Montagnini and Chelazzi
2005; Nakamura and Hikosaka 2006; Watanabe et al. 2003),
saccade peak velocities (Montagnini and Chelazzi 2005; Rep-
pert et al. 2015; Takikawa et al. 2002), saccade amplitudes
(e.g., Madelain et al. 2008; Paeye and Madelain 2011, 2014),
or target choice (Sugrue et al. 2004). Our results further
establish that saccades follow the law of effect, which states
that behaviors are shaped by their consequences: SRT alloca-
tion changed when functional consequences changed, reveal-
ing that the temporal structure of the environmental contingen-
cies affects the temporal structure of behaviors. Future research
should further examine these findings with a more ecological
paradigm as well as probing its maintenance with the removal
of reinforcement. Because our study implied a learning proce-
dure requiring a large number of reinforced trials to observe
steady-state SRT allocations, we suggest that this sensitivity of
the saccadic system to environmental contingencies relies on
the accumulation of learning across time. Whether this learning
concerns the temporal properties of the reinforcement contin-
gencies, the temporal control of saccades, or both remains an
open question at this stage.

It is noteworthy that this fine control of SRTs raises the issue
of perceiving our own reaction times. In our paradigm, one can
distinguish three candidate sources of uncertainty: the ongoing
contingency (Gallistel et al. 2001; Killeen and Smith 1984), the
perception of time (Wearden 2016), and the SRT production
(Sumner 2011). Indeed, the actual contingency was unsignaled:
participants were not explicitly told what the short or long
latency classes were, nor did they have feedback on their actual
latency. Thus when a participant received a reinforcer he/she
could view the behavior and the consequence as either related
(contingent) or not (noncontingent). Our SRT distributions
changed, implying that the credit assignment problem (Staddon
2001) must have been solved, i.e., causes and effects were
connected. Therefore, despite the uncertainties and noise re-
garding the motor execution, their own latency perception, and
the reinforcement contingency, participants were surprisingly
good at adjusting their relative rate of latencies to the relative
rate of reinforcement.

Fig. 5. Differences of the means in saccadic peak velocity between the short
and long latency trials across the last 5 sessions of the 3 reinforcement
conditions (15 sessions in total) for leftward and rightward saccades for each
participant. The corresponding 98% confidence intervals of rejecting the null
hypothesis (i.e., the 2 groups of trials have identical probability distribution)
are shown. All mean differences are outside the null hypothesis confidence
intervals.
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SRTs Are Not a Function of Reward Expectancy

One might interpret our results regarding SRTs as a function
of reward expectancy. Indeed, predicted reward outcome is
known to influence saccadic eye movements, with mean SRT
being shorter in the rewarded condition (e.g., Dunne et al.
2015; Glaser et al. 2016; Takikawa et al. 2002; Watanabe et al.
2003). Reward expectancy is also thought to have an effect on
saccade vigor, i.e., a saccade velocity greater than the expected
velocity given its amplitude (e.g., Reppert et al. 2015). Inter-
estingly, Glaser et al. (2016) observed a negative correlation
between vigor and latency. Thus it is commonplace to associ-
ate reward expectation, short latencies, and saccade vigor.
However, in our study we cannot conclude that the observed
changes in latencies are simply a function of reward expec-
tancy. First, reward expectancy and shorter latencies were
disentangled, since in our 1/9 condition reinforcement rate—
and probably reward expectancy—was higher for long laten-
cies, driving a higher proportion of long latencies. Second,
higher peak velocities were observed for short latencies regard-
less of reinforcement expectancy (see Fig. 5). Therefore, even
if we have found, as others, greater vigor associated with
shorter latencies, both vigor and shorter latencies are indepen-
dent of reward expectancy.

Effects of a Dynamic Environment on Saccades

To our knowledge, the article by Hoppe and Rothkopf
(2016) reports the only previous study on the learning of
temporal eye movement strategies in a dynamic task. They
demonstrated that humans could efficiently learn to adapt the
time spent within a particular region to temporal regularities
depending on the target spatial location on the screen. Their
study differed from our own in that 1) we measured SRTs
instead of the time spent in a specific region, 2) we used a
concurrent paradigm with simultaneous alternatives, 3) we
used shorter temporalities (between 80 and 300 ms in our
experiments vs. 150–1,500 ms), and 4) those temporal events
were produced by the participant in the absence of external
cues other than the target step. While these authors evi-
denced the effects of event durations on fixation durations,
our study demonstrated the influence of the temporal orga-
nization of the environmental contingencies on the temporal
organization of saccades. Taken together, their results and
ours provide strong evidence of the possibility of finely
controlling the temporal allocation of gaze by reinforcement
contingencies. This is strongly compatible with observations
from other preparations such as manual interception tasks,
which demonstrated that prior information regarding the
temporal features of the task (de la Malla et al. 2012) affects
the choice of the interceptive point favoring either spatial or
temporal precision (de la Malla and López-Moliner 2015),
or reward harvesting in complex search tasks in which
humans successfully seek multiple targets under time pres-
sure (Navalpakkam et al. 2010). Altogether, these results
provide strong evidence that humans may learn both the
spatial and temporal regularities of the environmental con-
tingencies to regulate their motor responses.

Costs and Benefits of Saccades

Most models of decision making, such as the LATER model
(Carpenter and Williams 1995; Tatler et al. 2017) or diffusion

models (Ratcliff and Rouder 1998), are based on the hypoth-
esis of some noisy accumulation of information to the decision
criterion. A critical feature of these models is that a saccade is
triggered as soon as enough information regarding the target
location has been accumulated: SRT reveals the time needed to
reach a decision. Departing from the idea of a long-lasting
information accumulation, it has been proposed that saccadic
decisions might be driven by the sensory information present
within the first 100 ms (Ludwig 2009; Ludwig et al. 2005).
Why then should SRTs be longer than 100 ms? This procras-
tination might be a way of prioritizing actions (Harwood et al.
2008) resulting from a trade-off between the benefit of a
saccade, which enhances the visual information from a newly
fixated location, and associated costs such as the temporary
impairment of vision and commitment cost due to the saccade
refractory period (Saslow 1967). Such a conception has also
been proposed to account for switching between smooth pur-
suit and catch-up saccades when tracking an object (de Brou-
wer et al. 2002; Orban de Xivry and Lefèvre 2007) or changes
in SRTs due to explicit instructions (encouraging either urgency
or accuracy; Reddi and Carpenter 2000). In our case, saccades
were explicitly reinforced and did not give access to visual
information, but these consequences might be regarded as func-
tionally identical (Davison and Baum 2006; Shahan and Cunning-
ham 2015). Indeed, it is established that SRTs may be experimen-
tally affected by benefit manipulation (e.g., De Vries et al. 2016;
Harwood et al. 2008; Madelain et al. 2005, 2007; Montagnini and
Chelazzi 2005). Our present results further confirm that observers
may learn to alter their information-foraging behavior depending
on the actual benefit of making a saccade.

Conclusions

About three times per second a decision is made regarding
when and where to move the eyes, providing many opportu-
nities to learn about environment regularities and the benefits
of adjusting the information-foraging policy to these proper-
ties. In line with pioneer works based on the notions 1) that
acquisition of information is reinforcing (Wyckoff 1952) and
2) that saccades are controlled by reinforcement (Schroeder
and Holland 1968, 1969), we propose that the ability to adapt
the allocation of saccades in response to specific temporal
organization of information further reveals the exquisite plas-
ticity of the saccadic system and its sensitivity to the current
state of the observer and the environment.
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