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Saccade and smooth pursuit are the eye movements used by primates to shift gaze. In this article we
review evidence for the effects of reinforcement on several dimensions of these responses such as their
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latencies, velocities or amplitudes. We propose that these responses are operant behaviours controlled
by their consequences on performance of visually guided tasks. Studying the conditions under which
particular eye movement patterns might emerge from the cumulative effects of reinforcement provides
critical insights about how motor responses are attuned to environmental exigencies.

© 2011 Elsevier B.V. All rights reserved.
einforcement
ariability

In this article, evidence for control by operant reinforcement
ontingencies of eye movements are examined. Because many
eaders of this journal, and indeed many researchers who study
perant behaviour, may be unfamiliar with some of the technical
spects of eye movement, we will first describe some of the key
henomena.

. Primate eye movements

Eyes are present in a large majority of all animals species – per-
aps 95% (Land and Nilsson, 2002) – revealing that vision provides
great advantage in various environments and that eyes appeared
ery early in animal evolution. However not all animal eyes are
dentical. The evolutionary history of the eye, and of the visual
ystem, has been a challenge to biologists and Darwin (1859) him-
elf was aware of the need to account for it. Natural selection acts
n sensory systems through the consequences of sensory guided
ehaviour and one might suppose that the acquisition of visually
uided behaviours drove the progressive evolution of animal eyes
Nilsson, 2009). Because vision depends strongly on the ability to

ove the eyes, one may also assume that eye movements evolved
n relation to the evolution of both vision and visual tasks: natu-
al selection has shaped eye movement systems in ways that are
Please cite this article in press as: Madelain, L., et al., Operant
doi:10.1016/j.beproc.2011.02.009

ailored to the behavioural repertoire and visual system of each
pecies (Krauzlis, 2008). In primates, five types of eye movements
ave been identified, each devoted to a particular visual challenge
nd involving specific mechanisms.
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E-mail address: laurent.madelain@univ-lille3.fr (L. Madelain).
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The first requirement for effective vision is to stabilize the eyes
with respect to the world. If your eyes were fixed with respect to
your head, your head would have to be as motionless as the page
you are trying to read, otherwise the image of the word would be
moving on your retina and the letters would appear blurred. This
can be experienced by rapidly shaking the page in front of you.
In reality the head is always moving and its movements would
make reading impossible unless we manage to fixate the gaze on
the words. To do so eye movements must compensate head move-
ments. Fortunately primates eye movement systems are able to
maintain visual acuity during self-motion (i.e., to stabilize the reti-
nal image of the world with rotations of the eyes that exactly
compensate for head and body movements). To experience it, try
to fixate a word on this page while shaking the head from left to
right. Your head movements should not impede your ability to read
because head movements are compensated by the vestibulo-ocular
reflex (VOR) which elicits eye movements in a direction opposite to
that of the head. Vestibulary-controlled reflex eye movements are
evolutionarily the oldest of all (Walls, 1962), because when animals
move with respect to their surroundings, they risk considerably
degrading their visual acuity even with the simplest form of retina:
the retinal image of the world might slip with every head move-
ment which would cause vision to become blurred and impair the
ability to recognize and localize objects. If you now move the page
in a sinusoidal fashion at a slow speed while keeping your head
still, you will still be able to read the written words. This response,
the optokinetic reflex (OKN) allows the eyes to follow a motion of
control of human eye movements. Behav. Process. (2011),

the whole visual field, or, as in our example, a large portion of
it.

As with most animals with frontally directed eyes, primate
retinas contain a specialized central area with a high density of
photoreceptors, the fovea, the most central 1% part of our retina

dx.doi.org/10.1016/j.beproc.2011.02.009
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esponsible for sharp vision. With the evolution of the fovea, a
econd requirement arose for eye movements: when an object of
nterest appears in the visual periphery, we need to move this cen-
ral portion of the retina so that the object can be seen best. To
his end saccades, pursuit, and vergence eye movements—the gaze
hifting movements, evolved.

When reading these lines your eyes are making a series of
hort rapid movements called saccades intermingled with periods
f immobility called fixations. During the time the eyes are fixating,
he image is stable on your retina, allowing accurate visual percep-
ion. You can read the word you are looking at and then move to
he next. If you attempt to read a sentence without moving the eyes
ou quickly realize that you cannot distinguish the letters compos-
ng the words that surround the point of space you are fixating:
round the fixation point, only four to five letters are seen clearly
nd visual acuity very rapidly drops when eccentricity increases.
herefore the ability to move the gaze position to the next word is
ecessary in order to read.

Another type of gaze shifting movement can be illustrated by a
imple experiment. While fixating a word, place your finger on the
age and move it from the leftward side to the rightward side of
he page. Your finger should appear blurred because it is moving
ith respect to your eyes. If you now look at your moving finger

ou can see it clearly but the words behind it are blurred because
he whole page is moving with respect to your eyes. This response,
llowing tracking a moving object against a fixed background is
alled smooth pursuit.

Finally try to fixate a word while moving your head toward and
hen away from the page. When doing so the two eyes are moving
n opposite direction to change the depth at which the eyes’ lines
f sight meet. These disconjugate movements are called vergence
ye movements. When we look at a near object our eyes converge
rotate inward), and when we look at a far object our eyes diverge
rotate outward).

Although we are usually unaware of eye movements during
aily activities such as reading, these simple experiments reveal
hat stabilizing the eyes with regard to the outside world and
iming the eyes toward moving or stationary targets are criti-
al challenges to effective vision (Krauzlis, 2008). Gaze shifting
ye movements, and particularly pursuit and saccades, have been
xtensively studied in primates and we probably know more about
hese responses and their neural substrate than any other motor
esponses. Interestingly, gaze shifting eye movements are often
egarded as a model for motor control because of the relative sim-
licity of the oculomotor system and the ease of recording and
uantitative analysis.

How reinforcement learning is involved in controlling saccade
nd pursuit is the subject of this review. Our working hypothesis is
hat saccades and pursuit are operant behaviours reinforced by the
bility to perform visual tasks, ensuring the required behavioural
iscrepancy (Donahoe et al., 1993).

. Smooth pursuit

Smooth pursuit is a slow movement whose trajectory is deter-
ined by a moving stimulus. This response provides crucial support

or vision by maintaining the retinal image of the object close to the
ovea and by minimizing motion blur that would otherwise under-

ine visual perception. Although one might inhibit tracking the
ovement of an object, it is noteworthy that one cannot initiate
Please cite this article in press as: Madelain, L., et al., Operan
doi:10.1016/j.beproc.2011.02.009

mooth pursuit at will: a moving stimulus is necessary but mov-
ng targets that are sensed through modalities other than vision
an, to some extent, guide pursuit. For instance one can track one’s
wn outstretched finger while in darkness with mostly smooth eye
ovements.
 PRESS
ocesses xxx (2011) xxx–xxx

In most visual situations the perceived motion and the physical
motion of the target’s retinal image are the same, and conventional
models of pursuit typically assume that the raw retinal-image
motion is the driving stimulus for pursuit. However, experiments
using complex stimuli have demonstrated that pursuit can be
driven by perceived motion rather than physical retinal motion. For
instance, Steinbach (1976) demonstrated that the pursuit system
can respond to visual motion that has ambiguous retinal coun-
terparts: subjects tracked a perceived horizontal motion signal –
the displacement of the invisible center of a wheel – resulting
from the cycloidal motion of targets attached to the circumfer-
ence of a rolling wagon wheel. In a similar vein, monkeys may
track the invisible midpoint between two peripheral bars, such that
the visual stimuli are peripheral but the goal is foveal/parafoveal
(Hafed and Krauzlis, 2008). Recently, researchers have used line-
figure objects viewed through apertures to disentangle retinal
image motion from perceived object motion: changing the coher-
ence of the perceived motion affected the pursuit responses even
though the retinal image motion remained the same (Beutter and
Stone, 2000; Stone et al., 2000). Using a plaid stimulus that pro-
duces systematic perceptual errors, it has been demonstrated that
pursuit and perception can be biased in the same way and to the
same degree (Beutter and Stone, 1998), and that expectations about
visual motion can bias both pursuit and perception (Kowler, 1989;
Krauzlis and Adler, 2001).

To measure the temporal correlation between a perceived
change in motion and corresponding changes in pursuit Madelain
and Krauzlis (2003a) used an apparent motion stimulus consisting
of a horizontal row of evenly spaced Kanizsa illusory squares: the
illusory contours appeared at the midpoints of the illusory squares
presented in the previous frame, producing bi-directional apparent
motion of the illusory contours that could be reversed at will. Sub-
jects were able to accurately track the perceived motion induced by
the apparent motion of illusory squares and changes in the pursued
direction and the reported perceived direction of motion were in
temporal register. However, the retinal slip (i.e., the displacement
of the retinal image of an object) is often regarded as the physi-
cal signal necessary for accurate pursuit despite experimental data
indicating that illusory motion might also drive pursuit. Contrast-
ing with this view, one might suppose that pursuit is also controlled
by its functional perceptual consequences, not by the stabilization
of a retinal image, a hypothesis that is consistent with the abil-
ity to track the illusory motion of an object. We will turn next to
experimental evidence for the operant control over pursuit.

3. Smooth pursuit is an operant

It is noteworthy that in most natural situations the ability to
compensate for the physical motion of a target and the ability to
perform visually guided tasks involving this target are confounded:
stabilizing the retinal image of a relevant target allows its clear
vision which allows visually guided behaviours that might act as
reinforcers. However, one could create a laboratory situation in
which these two factors are disentangled. One of the most obvi-
ous ways to distinguish between the effects of stabilizing a visual
target and the effects of reinforcement on smooth pursuit is to tran-
siently remove the pursued target. In this situation pursuit might
be reinforced in the absence of visual signals. In fact, although pur-
suit requires some motion to be initiated, some pursuit might be
observed when the target is temporarily occluded. For instance
t control of human eye movements. Behav. Process. (2011),

Becker and Fuchs (1985) showed that humans maintain smooth
pursuit when a moving target briefly disappeared and then reap-
peared up to 4 s after the disappearance of the target. They found
that the velocity of the eye started to rapidly decrease about 190 ms
after the target disappearance then the eye velocity stabilized at

dx.doi.org/10.1016/j.beproc.2011.02.009
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pproximately 40–60% of the normal pursuit velocity. Interestingly
ecker and Fuchs (1985) examined the effect of practice and con-
luded that the ability to predict the target’s motion was involved.
his predictive mechanism would also be at play during anticipa-
ory smooth tracking of a highly predictable target motion (Barnes
nd Asselman, 1991; Barnes and Donelan, 1999; van den Berg,
988; Wells and Barnes, 1999).

One might suppose that in real life, smooth pursuit allows
he clear vision of the target, and might therefore be reinforced
hen the eye velocity matches the target’s velocity, implying that

ye velocity is reinforced by the consequences of the movement.
adelain and Krauzlis (2003b) Hypothesised that subjects might

earn to maintain pursuit while the visual moving target was tran-
iently occluded if contingencies were such that a reinforcer was
iven depending on the eye velocity. We conducted a series of
xperiments in which the real-time delivery of a reinforcer was
ased on the tracking performance of the subject estimated by the
ye velocity and occurrence of saccades (during perfect pursuit the
ye velocity matches the target’s velocity; when pursuit is not per-
ect the eye velocity is usually lower than the target’s velocity and
requent saccades that catch-up with the target are observed). An
uditory tone was delivered when eye velocity remained within a
et of reinforcement criteria, and the tone was removed when eye
elocity fell outside the criteria or when a saccade was detected
because saccades observed during pursuit compensate for imper-
ect pursuit). These contingencies permitted the differential real
ime delivery of consequences based on the pursuit performance:
eriods of pursuit with eye velocity close to the desired velocity
ere reinforced while other epochs were not. If the total duration

f the auditory tone exceeded a temporal criterion in 7 out of 10
onsecutive trials the subject won 25 cents. The duration of the
arget disappearance was progressively increased according to the
ubjects’ tracking performance: once the ability to maintain the eye
elocity close to the desired velocity was established the period of
arget occlusion was progressively extended. We found that after
he learning phase, subjects were able to maintain eye velocities
lose to values typically observed during steady-state tracking,
ven though the target disappeared for 1 s. We also observed a
arked reduction in the rate of catch-up saccades, implying that

he eye was not lagging behind the target, and found that learning
eneralized over untrained target velocities. We did not observe
ignificant changes in pursuit in a yoked-control group – the rein-
orcer was independent of the subjects’ responses – or in a control
roup – no reinforcer was delivered but the task was intensively
racticed.

In a similar vein, Paeye et al. (2007) used a target whose posi-
ion was continuously adjusted to match the gaze position such
hat the target did not move as long as the eye was fixed. Therefore
ursuit initiation could not be controlled by the physical motion
f the target. A shaping procedure was implemented based on the
ye velocity of anticipatory movements. We found that in this situ-
tion subjects progressively learned to initiate smooth movements
n the absence of a motion signal. These results provide evidence
hat smooth pursuit, even in the absence of visual target or in the
bsence of external motion, is an operant behaviour.

. Development of pursuit

Further evidence of the operant nature of pursuit is provided
y studying its development. Although some episodes of smooth
Please cite this article in press as: Madelain, L., et al., Operant
doi:10.1016/j.beproc.2011.02.009

ursuit may be observed before 2 months of age, newborn infants
ostly track moving targets with a series of fast saccades (Aslin,

981; Johnson, 1990). The poor maturational state of both the fovea
nd cortical structures involved in the oculomotor control of pur-
uit are typically invoked to account for this immature behaviour.
 PRESS
ocesses xxx (2011) xxx–xxx 3

It is interesting to point out that the occurrence of object manipu-
lations as well as displacements of the subject also start to increase
at the same age. Therefore, one might suppose that smooth pur-
suit develops because of the progressive establishment of the
behavioural discrepancy required for operant learning: before 2
months, pursuit has no functional consequences whereas once
object manipulation abilities appear pursuit becomes necessary to
perform some visually guided tasks.

Darcheville et al. (1999) probed this hypothesis using an audi-
tory reinforcer contingent on smooth eye movements in infants
aged from 1 to 7 days. Reinforcement contingencies were such that
periods of smooth movements in the direction of a moving target
triggered the onset of music in the experimental room. The pro-
portion of slow movements elicited by the moving target markedly
increased in a reinforced group but not in control groups. Contrary
to the maturational hypothesis it may be assumed that pursuit is a
learned response driven by the ability to perform visually guided
tasks: pursuit allows the optimization of the visual perception of
the target and this optimization acts as a reinforcer.

The pursuit system has been described historically as a servo-
system driven by retinal slip (Robinson, 1986). In servo-systems
the need to control the gain is mainly for calibration purposes: the
ability to adaptively modify internal parameters is required to com-
pensate for modifications in the relationship between visual input
and motor output (Optican et al., 1985). These modifications natu-
rally occur during development and aging as a result of changes in
the eye movement system after eye growth or muscular weakness.
However the pursuit response is modulated by attentional factors
(Khurana and Kowler, 1987), regularity or predictability of the tar-
get’s motion (Barnes and Asselman, 1991; Barnes and Donelan,
1999; Wells and Barnes, 1999; Freyberg and Ilg, 2008; Badler and
Heinen, 2006; Bennett and Barnes, 2006), movement perception
(Madelain and Krauzlis, 2003a) and learning induced by the rein-
forcing consequences of improved tracking (Madelain and Krauzlis,
2003b; Darcheville et al., 1999). Therefore the functional signifi-
cance of operant control in the pursuit system might extend well
beyond motor calibration. We propose that, in real life, accurate
pursuit is controlled by the ability to perform visually guided tasks.
This proposition departs from the conventional view of motor con-
trol which states that the physical sensory outcome of a movement,
irrespective of functional consequences, is used to adjust the motor
command (Wolpert et al., 1995; Kording, 2007). We will now turn
to saccades and review evidence for the idea that they also have
attributes of operant behaviour.

5. Saccades

Unlike pursuit, a continuous response that can be maintained
for extended periods of time, saccades are discrete responses last-
ing only tens of milliseconds, allowing animals with foveal vision
to quickly move the image of a visual target from an eccentric
retinal location to the center of the retina. Because they are so
rapid—a 10◦ saccade (since the eyes are rotating, degrees of visual
angles are used to measure eye movements) lasts 40–50 ms in
humans (Becker, 1989)—no useful feedback from the visual sys-
tem can guide the course of each movement, since visual signals
require 40–50 ms to reach the superior colliculus, the principal
saccade-programming brain region (Goldberg and Wurtz, 1972; Li
and Basso, 2008). Moreover, it appears that some active mecha-
nisms of vision suppression (Thiele et al., 2002) added to the very
control of human eye movements. Behav. Process. (2011),

high speed of the retinal image (eye velocity reaches up to 500◦/s
(Bahill et al., 1975)) which creates a strong visual blur, considerably
impairing vision during the movement. This is why, when standing
in front of a mirror, one cannot see her own eyes move although
an observer would easily observe the saccadic movements. Thus,

dx.doi.org/10.1016/j.beproc.2011.02.009
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accades are often described as ballistic, in that the trajectory is
rogrammed prior to the movement.

Because the primary function of saccades is to improve the
isual perception of a target, these movements have sometimes
een described as observing responses (i.e., responses that lead to
xposure to discriminative stimuli), and some studies used sac-
adic eye movements to assess observing responses in various
asks (e.g., (Dube et al., 2006; Tomanari et al., 2007)). Observing
esponses have been suggested to be like any other instrumental
esponse subject to the principles of operant behaviour (Holland,
957), and the pioneer works of Schroeder and Holland (1968,
969) demonstrated that the occurrence of saccadic eye move-
ents might be reinforced by producing a stimulus. The authors

nsisted that because saccades are instrumental responses, many
f the phenomena of “attention” could be studied using eye move-
ents in operant research. However, despite an impressive body

f research devoted to attention in relation to oculomotor con-
rol (see for instance (Posner, 1980; Deubel and Schneider, 1996;
owler et al., 1995)), the operant nature of saccades and the effects
f reinforcement on the saccadic topography have only rarely been
irectly probed in humans.

. Saccades are operant behaviour

The effects of reinforcement on various properties of saccadic
ovements have been recently experimentally explored in mon-

eys. In a typical experiment, the target appears randomly at
ne out of two locations, but only one location is associated
ith a reinforcer. It has been observed that monkey saccades

o rewarded locations had shorter latencies (Ikeda and Hikosaka,
003; Lauwereyns et al., 2002; Watanabe et al., 2003) and higher
eak velocities (Takikawa et al., 2002) than saccades of the same
mplitude to non-rewarded locations. These modulations might be
he result of activation of dopaminergic neurons in the basal gan-
lia (Nakamura and Hikosaka, 2006). Specifically, different neurons
n the caudate nucleus fire in anticipation of rewarded vs. non-
ewarded saccades (Watanabe et al., 2003), midbrain dopaminergic
eurons fire in anticipation of rewarded saccades (Bayer and
limcher, 2005), and the basal ganglia modulate the superior col-

iculus, facilitating saccades to rewarded locations (Hikosaka et al.,
006).

Furthermore, if monkeys are rewarded for making saccades to
ither of two targets, with saccades to each being reinforced on dif-
erent variable-interval schedules of reinforcement, monkeys learn
o match the relative frequency of saccades to each target to the rel-
tive frequency of reinforcement (Sugrue et al., 2004). In humans,
accadic peak velocities increased when the saccade target was a
uman face when compared to other visual stimuli (Xu-Wilson
t al., 2009). Montagnini and Chelazzi (2005) showed that saccadic
atencies and saccadic peak-velocities in humans might be con-
rolled by the ability to perform a visual discrimination. Subjects
ere instructed to perform a discrimination task on the saccade

arget. The target was briefly displayed such that the shorter the
accadic latency, the longer the target was viewed and the eas-
er the discrimination task was. In this situation, saccadic latencies
ecreased while saccadic peak velocities increased. One interpre-
ation of these results is that the successful performance of the task
einforces the short latencies. Taken together, these experimental
tudies indicate that saccade properties are plastic and might be
odulated by environmental contingencies.
Please cite this article in press as: Madelain, L., et al., Operan
doi:10.1016/j.beproc.2011.02.009

. Saccadic adaptation

A more direct example of the plasticity of saccades has been
ound in a phenomenon called saccadic adaptation. In the labo-
 PRESS
ocesses xxx (2011) xxx–xxx

ratory, the alteration of saccadic amplitude is generally studied by
having a target step away from the fixation point and, while the eye
is in flight toward the new location, moving the target (for exam-
ple, slightly back toward its original location) so that the eye lands
away from the target, and must make a second, corrective, saccade
to acquire it. After a number of repetitions, the amplitude of the
initial saccade decreases, bringing the eye closer to the displaced
target location (McLaughlin, 1967). This behavioural plasticity pre-
sumably maintains the accuracy of saccades despite changes in
the eyes, muscles and oculomotor system during development and
aging or following injuries (Abel et al., 1978; Kommerell et al., 1976;
Scudder et al., 1998).

Saccadic adaptation reliably changes the amplitude or direction
of saccades, albeit with considerable variation from subject to sub-
ject and from day to day (reviewed by Hopp and Fuchs (2004) and
Pelisson et al., 2010). Conventionally, saccadic adaptation has been
viewed as controlled by a visual position error signal, the “retinal
error” (i.e., the postsaccadic distance between target and fovea),
which is reduced over many trials (Noto and Robinson, 2001;
Wallman and Fuchs, 1998): the presence of a retinal error would
elicit a progressive correction in saccade amplitude. An argument
against retinal error being the signal guiding saccade adaptation
is the finding that saccades of a single direction and amplitude
can have two different adaptation states depending on context as
it has been shown both with a proprioceptive context (Alahyane
and Pelisson, 2004; Shelhamer and Clendaniel, 2002; Tian and Zee,
2010) and with a visual context (Herman et al., 2009). For instance,
an increase in amplitude was induced with the eyes directed up
10◦ above straight-ahead gaze and a decrease in amplitude was
induced with the eyes directed down (Tian and Zee, 2010).

To put the matter in terms of operant conditioning, saccadic
adaptation might be controlled by a discriminative stimulus. This
discriminative control may also explain why there is some mainte-
nance of experimentally induced adaptation after 24 h in monkeys
(Noto et al., 1999) and after several days in humans (Alahyane
and Pelisson, 2005), despite thousands of unperturbed saccades
made between sessions. In recent experiments both a target and
a distractor were displayed after the saccade such that the un-
adapted saccades landed either on the distractor or on the target
(Madelain et al., 2010). In the first case saccadic adaptation was
induced whereas in the second case we did not observe a change
in the saccadic amplitude: in the presence of two conflicting post-
saccadic visual stimuli, the target and the distractor, the saccadic
system selectively adapts its amplitude as though only the target
were present.

We hypothesized that the target-oriented adaptation we
observed might be explained by the reinforcing effect of the vision
of the target: those saccades landing near the target have been
selected whereas those landing near the distractor have not. To
probe this hypothesis we induced changes in saccade amplitude
in the absence of retinal error, using an arbitrary reinforcement –
either an auditory tone or viewing the target on the fovea (Madelain
et al., 2008). Saccadic amplitude was computed in real-time and a
percentile procedure was used to compute the reinforcement cri-
teria on a trial to trial basis. The amplitude of saccades followed the
reinforcement contingencies such that amplitude decreased when
small saccades were reinforced while amplitude increased when
large saccades were reinforced. Instead of a servo-mechanism,
we concluded that saccadic amplitude is controlled by a general
learning process relying on the outcome of each movement given
a particular state of the environment. In other words, adjusting
t control of human eye movements. Behav. Process. (2011),

the saccadic amplitude could be explained by a selection pro-
cess in which those responses that produce a valuable outcome
are selected over those that do not. According to this hypothe-
sis, viewing the target might be reinforcing because maximizing
visual perception would allow other adaptive interactions with the

dx.doi.org/10.1016/j.beproc.2011.02.009
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nvironment. This hypothesis is similar to what we proposed for
ursuit: gaze shifting movements would be controlled by the abil-

ty to perform visually guided behaviours that act as reinforcers
ecause of their adaptive values.

. Reinforced variability in saccadic eye movements

Behaviour analysis views the principle of selection by reinforce-
ent as playing the same role in the understanding of complex

ehaviour that natural selection plays in understanding the evolu-
ion of complex organisms (Donahoe and Palmer, 1994). Because
ariation provides the raw material upon which selection oper-
tes, the origins and functions of behavioural variability have been
xtensively investigated (see Neuringer, 2002, 2004 for reviews).
t has been demonstrated that variability might be controlled by

aking reinforcement contingent on variability itself: variability is
n operant dimension (Blough, 1966; Machado, 1989; Grunow and
euringer, 2002; Pryor et al., 1969). One might therefore suppose

hat part of the variability observed in motor responses is related
o environmental contingencies such that, depending on the situa-
ion, a given range of behavioural instances of an operant response

ight be reinforced. For instance, when making a saccade toward
visual target, small variations in the landing positions might be

oo small to affect the visual perception of the target and every
ovement would be reinforced. On the other hand large variations
ight be extinguished because landing far away from the target

as detrimental effects on vision. In other words, the natural level
f variability in saccadic control would result from operant learning
n which vision provides the functional consequences.

To probe this hypothesis we manipulated the reinforce-
ent contingencies of saccadic amplitude variability (Paeye and
adelain, 2011). In one group of participants reinforcement crite-

ia were such that varying the amplitude of saccades was reinforced
hile in a second yoked control group reinforcement was indepen-
ent of the saccades amplitudes. Our results clearly demonstrate
hat the spread of the amplitude distributions was controlled by
einforcement. Moreover, the reinforcement-induced increases in
ariability did not affect the average saccadic amplitude. In another
et of experiments we were able to shape the saccadic reaction time
istributions by direct reinforcement of variability, further con-
rming that variations in motor control might be learned (Madelain
t al., 2007). These results contrast with the classical view stat-
ng that variability in motor responses originates from endogenous
tochastic variations that affect each stage between a sensory event
nd the motor response – sensing, information processing, move-
ent planning and executing ((van Beers, 2007), and see Faisal et

l. (2008), for a review). In this view variability would be indepen-
ent from environmental contingencies and the level of variability
ould be related to the strength of the signal. In other words the

pread of a distribution would depend on the mean such that the
arger the mean the larger the variability. That saccadic ampli-
ude variability might be increased independently from the average
accadic amplitude would not be accounted for by this stochas-
ic hypothesis. Similarly, computational decision models failed to
xplain the reinforcement induced changes in reaction time dis-
ributions (Madelain et al., 2007) because these models predict a

echanical relation between the mean and the variance of the dis-
ribution: changing one single parameter in these models affects
oth the mean and variance of the latency distributions (Ratcliff,
001; Reddi and Carpenter, 2000; Wagenmakers and Brown, 2007).
Please cite this article in press as: Madelain, L., et al., Operant
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The ability to control variability in saccadic responses by rein-
orcement could be viewed as a laboratory curiosity but we
elieve that these experiments might have some profound theo-
etical implications. It has been proposed that operant variability
s functional because it allows the shaping of new behaviours
 PRESS
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by increasing the probability of emitting new approximations of
the target response and the probability of detecting changes in
environmental contingencies (Neuringer, 2002). For instance we
suggested that, in real life, saccades that lead to a clear vision of
the target are selected by their consequences. One may therefore
postulate that some variation in saccadic amplitude is necessary to
adapt to changes affecting the oculomotor system: saccadic adap-
tation would require some variability as a basis for differential
reinforcement. Similarly, it is possible that the ability to vary the
strategies used when looking for a particular target might be nec-
essary to encounter new regularities in the organizations of our
visual environments. However, the direct effects of variability on
the establishment of saccadic eye movement control, and more
generally on motor control, remain to be experimentally studied.

9. Conclusion

Saccades and smooth pursuit are operant behaviours: several
dimensions of these eye movements such as their velocities, laten-
cies or reaction times may be experimentally manipulated by
reinforcement contingencies. In real life these movements are con-
trolled by an enhanced clarity of a visual target, allowing adapted
visually guided behaviours which act as reinforcers. In the case of
eye movements, it is therefore difficult to disentangle the visual dis-
criminative stimulus (clarity of the visual target stimulus) from the
reinforcing consequences (the task that depends on the clear per-
ception of the visual stimulus) and it is not surprising that the visual
properties of the target are conventionally regarded as the control-
ling signals for gaze shifting movements. In the laboratory however,
one may use non-visual reinforcers to induce changes in response
topography and study the operant properties of eye movements.
Because voluntary eye movements are commonly used to study
motor control, one might expect that a similar strategy might
be applied to other motor responses. It is noteworthy that little
research has been devoted to this end.

Ingvaldsen and Whiting (1997) pointed out that behaviour ana-
lysts commonly focus on why organisms behave as they do instead
on how they do so (i.e., the patterns of movement coordination)
such that the particular movements are usually not of immedi-
ate concern to the operant approach. However, we believe that
the operant approach provides a valid alternative to contemporary
computational models of motor control which, because they pos-
tulate that predictions of the physical outcome of a movement are
compared to the actual sensory outcome of a movement to pro-
duce optimal responses (Wolpert and Ghahramani, 2000), leave
no room for the functional consequences of motor behaviours. A
critical feature of these models is that motor control is viewed
as a machine-like servo-mechanism involving internal compar-
isons, a proposition which is difficult, if not impossible, to probe
at the behavioural level (see (Ingvaldsen and Whiting, 1997), for a
related discussion). It is our hope that more research will explore
the operant nature of motor control in the future, either by study-
ing the development and acquisition of new motor responses or
by exploring the effects of reinforcement contingencies on exist-
ing responses. How particular configurations of motor behaviours
emerge in response to coordination constraints and particular
environmental demands remains a fascinating question for the
behaviour analyst.
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