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Systems

Short communication

Does the brain compute the future or the present?

Abstract

Introduction
Decades of studies have suggested
that the visuomotor system possesses
the capacity to predict the locations of
targets
based
on
their
past
trajectories. Whether this capacity is
used to guide rapid saccadic eye
movements remains largely unknown.
The aim of this paper is to review the
data and literatures pertinent to this
issue.
Short Communication
A recent study employed an
oculomotor version of the sport of
baseball to test two competing
hypotheses: the dual-drive and singledrive theories. The findings were
consistent with other recent studies,
supporting the notion that the
saccadic system receives continuous
updates of the target representation
from the pursuit system. This occurs
even if the target is temporarily
occluded. In addition, they showed
that the observed intercepting
saccade is aimed at the computed
location of the target at the moment of
saccade completion. It is noteworthy
that saccadic eye movement accuracy
corresponds to the spatial and
temporal range of the visual sensory
system, such that the perception of
the target and the production of the
action are in the right place (on
target) at the right time (on time). The
aim of this paper is to review the data
and literatures pertinent to this
particular issue.
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Conclusion
Based on the implications of the
recent findings, we suggest that the
saccade generator behaves like an
embedded real-time processing unit
that updates the perceptual frame of
reference and compensates for delays.

Introduction
Imagine a fielder attempting to catch a
baseball flying into his field at a speed
of more than 100 mph. He runs as fast
as he can, perhaps taking his eyes off
the ball for a moment to ascertain the
location of other fielders, then opens
his glove in the right place at the right
time to make the catch. This
demonstrates the athlete’s amazing
capacity for sensorimotor control.
Every day, we perform similar
routines, such as grabbing a full cup of
hot coffee being handed to us. These
tasks are so deceivingly simple that
we take them for granted. In fact, they
require a precise sensorimotor
control no less complicated than
catching a fly ball, albeit at a slower
pace. For decades, neuroscientists
have tried to find out how
sensorimotor signals are updated in
the brain to allow effective interaction
with
a
changing
world1,2,3,4,5,6.
Moreover, recent developments of
brain-machine interfaces are aimed at
achieving
the
same
capacity7.
Amazingly, despite decades of
studies8,9,10,11, exactly how the brain
accomplishes
this
precise
sensorimotor control remains elusive.
Below, we will review the data and
literatures pertinent to this issue.

Short Communication

The authors have referenced some of
their own studies in this short
communication. The protocols of
these studies have been approved by
the relevant ethics committees related
to the institution in which they were
performed. Animal care was in
accordance with the institution
guidelines.

Baseball Interception Game
A recent investigation by Fleuriet and
Goffart 12 has taken a new approach
based on the oculomotor perspective.
The authors trained nonhuman
primates to play an oculomotor version
of baseball, i.e., to intercept a moving
visual target with their eye movements
(Figure 1A). Normally, when animals
pursue a moving target, they make a
rapid eye movement (saccade) to
intercept the target, followed by a
pursuit movement that matches the
speed and direction of the target. In this
variant, the animals were trained to
fixate at the center of the screen. After
some time, the fixation point was
turned off and a moving target
appeared at a different position.
However, the animal only had 150 ms
to view the target’s motion before it
was hidden from the animal’s view. The
hidden target followed its original
trajectory and reappeared at a new
location 150 ms later to continue its
course. As one might imagine, the
animals disengaged their fixation and
successfully obtained the target with an
intercepting saccade (Figure 1A, a), and
then followed it until they received
their reward. This cognitive capability
of knowing where an occluded moving
target will reappear is called object
permanence, and it has been widely
documented since Piaget13.
What is new in this study is that the
positions of the eyes were perturbed
(Figure 1A, b), as soon as the target
disappeared from the animal’s view, by
electrically stimulating the superior
colliculus (SC) for 30 ms. The SC is an
oculomotor structure critical for
making saccadic eye movements. It
computes target location relative to the
current eye position, i.e., target
displacement
(direction
and
amplitude). Electrical stimulation in the
colliculus overrides impending motor
commands, bringing the eyes to a new
position, topographically encoded on
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Figure 1: Baseball interception paradigm. Subjects begin with fixating at an initial position (glove) and attempt to intercept a
moving target (baseball) which is viewed for 150 ms (A) or 300 ms (B) before occlusion. The flying baseball continues its original
trajectory and reappears after the occluding time expires. The observed saccades result in catching the ball (a) or not catching the
ball (h) primarily depending on the occlusion duration. Pursuit eye movement (f, i) follows, if the saccade fails to catch the ball. The
nervous system shifts the position of the glove when artificially stimulated (b). If the originally programmed saccade were made,
the result would be inaccurate (d). Instead, a compensatory saccade (e) is made. If there was no efference copy compensation and
no input predicting the occluded motion of the target, the result would be (c). If the brain behaved predictively into the future, the
saccade should always catch the ball (g) regardless of the occlusion duration. C and D: Key elements of the dual-drive (C) and
single-drive (D) theories that account for the observed saccadic interception. CB: cerebellum, EC: efference copy, FOR: fastigial
oculomotor region, SC: superior colliculus.

the collicular map14,15,16. The authors12
reasoned that, if the animal relied
solely on the location of the last-seen
target relative to its eye position
before stimulation, i.e., without taking
into account the change of eye
position resulting from collicular
stimulation, the animal would miss
the target by the amount equivalent to
the
stimulation-elicited
saccade
(Figure 1A, c).

This result can only be realized if the
system cannot compensate for the
saccades made due to collicular
stimulation. However, Mays and
Sparks17 had shown that when the
impending saccade is directed from a
given initial position to a last-viewed
(but no longer visible) target, injecting
current into the SC evokes a
stimulation-evoked saccade followed
by a compensatory saccade that

accurately acquires the target. This
suggests that a copy of the motor signal
produced by the stimulation (efference
copy, or termed the resettable
integrator in models18, Figure 1) is used
by the system to take into account the
stimulation-evoked displacement and
remap the required saccade vector.
Consequently, the colliculus is able to
drive a successful compensatory
saccade. The difference between the
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It has been assumed that the saccadic
target selection is totally segregated
from the motion/pursuit pathway19, 20,
cf. 8, and so the colliculus, while aware
of the new eye position, would not be
able compensate for the new relative
position of the reappearing target.
Interestingly, the animals in Fleuriet
and Goffart’s experiment did make an
accurate intercepting saccade (Figure
1A, e). This strongly suggests the
estimated motion of the occluded
target must be incorporated into the
generation of the saccade.
Dual drive vs. single drive
The above finding is relevant to the
predictions of a popular oculomotor
control
theory,
the
dual-drive
hypothesis19,20.
This
hypothesis
includes the cerebellum (CB) as the
second drive in addition to the SC’s
drivecf. 21,22, and assumes that the
saccadic and motion/pursuit systems
are totally separate (Figure 1C). The
SC acts as a gateway for the saccadic
pathway, encoding a static (primarily
visible) target representation. In
contrast, the cerebellum computes
visual motion signals based on the
history of target trajectory, such that
the target no longer needs to be
visible23. The motion signals are
converted for use as a saccadic drive
at one of the cerebellum’s outputs, the
fastigial oculomotor region (FOR).
This drive and the SC’s drive are
summed at the level of the premotor
neurons in the saccade generator.
That
is
how
the
dual-drive
hypothesis19,20 accounts for saccades
to a moving target.
Note that in this model the SC
produces the strongest drive at
saccade onset when the eyes were
driven toward the location of the
target at saccade initiation19,20. The
cerebellum contributes minimally at
this point20, p. 1008. The FOR modifies
the saccadic trajectory during the
decelerating phase of the saccade, to
produce an accurate saccade to a
moving target21,22,24,25. That is, with or

without collicular perturbation, both
the timing and relative direction of the
targeting saccade would be modified
with respect to the movement
computed by the cerebellum.
According to the dual drive model, the
trajectory of the saccade would be
directed initially toward where the
target was initially occluded (i.e., the
interception of vectors d and f in
Figure 1A) as a result of the initial
collicular drive primarily aimed at the
last-seen
target
location.
This
trajectory would then be adjusted
midflight as a result of the late-coming
cerebellar modulation, turning toward
the
correct
target
location.
Interestingly, this prediction was not
observed. The intercepting saccades
were largely straight (i.e., vector e in
Figure 1A) or curved slightly away
from where the target was initially
occluded Figure 2B in 12. This implies that
the pursuit movement prediction
system has access to the saccade
system at saccade initiation before the
cerebellum was fully engaged in
modifying the saccadic trajectory. This
also suggests that the target
prediction information is available to
the superior colliculus.
Another core question driving the
debate is: How does the brain
estimate target position during
occlusion? There are observations
suggesting that the brain may adopt a
predictive strategy to cope with the
uncertainty resulting from target
occlusion26,27,28. The occluded target
displacement (in degrees) can be
estimated as the multiplicative
product of a motion speed estimate
(in degrees/second) and the occluding
duration (in seconds). The target
position before occlusion is known.
The dual drive model simply sums the
two movement signals: the past signal
generated before target occlusion and
the future signal, a prediction based
on trajectory (Figure 1C). As we have
discussed above, the tell-tale of the
observed saccade isn’t blocked into
compartments of the past and future.
There is a lack of curving in saccadic
trajectory. These features cannot be

easily explained by the dual-drive
hypothesis.
The alternative is that the saccadic
system must have access to the
prediction, or be able to make the
prediction itself. This alternative is
essentially a single-drive (Robinsonian)
saccade model in which saccades can be
driven by the representation of a
moving target at the level of the SC or
the FEF (Figure 1D). Recent studies in
the saccadic region of the frontal eye
field (FEF) support this possibility,
because the target representation at the
level of the FEF is updated
continuously, even if the target is
occluded and is in motion8,29.
Presumably this information should
then be available to the colliculus via
corticotectal input.
Future vs. present
Clearly the brain is in the business of
making predictions1,3,8,30,31,32,33,34, but
are predictions of the future being used
in making the compensatory saccade?
Fleuriet and Goffart12 varied the
duration of target occlusion from 150 to
300 ms (Figure 1B) to test this
question. Under these conditions, the
animal often made a compensatory
saccade (Figure 1B, h) that fell short of
the location of the reappearance of the
moving target (Figure 1B, g endpoint).
These saccades were often followed by
a pursuit-like eye movement or a
corrective saccade35 along the target
trajectory (Figure 1B, i), as if the system
were tracking a virtual moving target.
These observations were taken by the
authors12 to argue that the eye
movement was not generated in
response to a predicted location of the
target in the future. Rather, the eye
movement was generated in response
to where the occluded target is
computed to be at present.
The authors developed a NOW (or hereand-now) theory12,36 out of these and
other observations. For instance, the
displacement errors between the
saccadic endpoints and the occluded
target positions remained relatively
constant, regardless of the total elapsed
time from the onset of the stimulationevoked saccades to the offset of the
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These observations all support the
notion that the animals attempted to
intercept the occluded target at its
present computed location. This
suggests
that
moving
target
representation
is
continuously
updated within the saccadic system
even when it is occluded prior to or
during
saccades3,8,29,31,32,33.
The
continuously evolving desired eye
position then drives the saccade
generator to respond accordingly
(Figure 1D). Thus, the system is not
actually looking into the future; it is
directed at acquiring the target at its
present
location.
Where
this
computation occurs and how it
accesses the colliculus are open
questions.
The NOW hypothesis provokes a
number of questions. One is: How
does the brain compute the present
location of the target, given that signal
processing of sensory inputs takes
time37,38,39. No matter how fast the
brain computes, by the time the
processed signal arrives, it is
guaranteed to be outdated40. The
same is true for proprioceptive
information on current position2,41.
Consequently, if based purely on
current sensory inputs, the movement
triggered is bound to lag behind that
of the intended target42,43.
Additionally, the system has to
compensate for the lag between
neural activity and actual movement
to attain the target. These inherent
limitations necessitate a mechanism
that is fast and runs its own predetermined programs40. The saccade
generator in the brainstem fits this
role, as saccades are fast and are
usually completed before the next
ones can be generated11,15,16,45. This
feature fits an engineering solution,
called embedded real-time processing,
which runs its own pre-programmed
controls that also compensate for the
system’s processing delay44. This

possibility deserves to be thoroughly
explored, if we are to understand how
motor systems work under real-world
conditions.
To make progress in this regard, we
may also need to give the concept of
present (or here-and-now) a clearer
definition in the context of the
nervous system. The brain is limited
by its own computational power, such
that stimuli falling within the spatialtemporal
processing
limit
are
perceived as on target (HERE) and on
time (NOW). For instance, the visual
system detects flicker only when the
refresh rate of a monitor is set below
60 Hz, giving the visual system a
temporal resolution of 16-ms46,47.
Thus, the conscious experience of
being on target may be determined by
the visual system’s resolution. For
instance, a saccade to a target moving
at 20 deg/sec would still be
considered on target, even if the
intercepting saccade missed the target
by ~1/3 of a degree (0.32 deg = 20
deg/sec x 16 ms). Interestingly, these
numbers appear to be in close
agreement with observations in the
target interception experiment Figure 8 in
36. Thus, the saccade generator works
within the predictive perceptual
frame of reference3,31,32,33. Within such
a tight spatial and temporal window, it
is difficult to tell whether it is the
sensory or motor system that drives
the perception of being on target or on
time1,9,10,40.

Conclusion

Based on the above review, we
suggest that the saccade generator
behaves like an embedded real-time
processing unit that updates the
perceptual frame of reference and
compensates for delays.
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