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Does the Brain Extrapolate the Position of a Transient
Moving Target?
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Marseille Cedex 5, France

When an object moves in the visual field, its motion evokes a streak of activity on the retina and the incoming retinal signals lead to robust
oculomotor commands because corrections are observed if the trajectory of the interceptive saccade is perturbed by a microstimulation
in the superior colliculus. The present study complements a previous perturbation study by investigating, in the head-restrained monkey,
the generation of saccades toward a transient moving target (100 –200 ms). We tested whether the saccades land on the average of
antecedent target positions or beyond the location where the target disappeared. Using target motions with different speed profiles, we
also examined the sensitivity of the process that converts time-varying retinal signals into saccadic oculomotor commands. The results
show that, for identical overall target displacements on the visual display, saccades toward a faster target land beyond the endpoint of
saccades toward a target moving slower. The rate of change in speed matters in the visuomotor transformation. Indeed, in response to
identical overall target displacements and durations, the saccades have smaller amplitude when they are made in response to an accel-
erating target than to a decelerating one. Moreover, the motion-related signals have different weights depending upon their timing
relative to the target onset: early signals are more influential in the specification of saccade amplitude than later signals. We discuss the
“predictive” properties of the visuo-saccadic system and the nature of this location where the saccades land, after providing some critical
comments to the “hic-et-nunc” hypothesis (Fleuriet and Goffart, 2012).
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Introduction
The sudden appearance of an object in the peripheral visual field
triggers a saccadic movement of the eyes that quickly orients the
two foveae toward its location. By bringing the object’s image
within the foveal field, the orienting saccade increases the mass of
activated neurons (Johnston, 1986), for example, in visual areas

of the cerebral cortex (Daniel and Whitteridge, 1961; Van Essen
et al., 1984; Albright and Desimone, 1987; Tootell et al., 1988)
and in the rostral superior colliculi (SC) (McIlwain, 1976). This
recruitment of more neurons favors the identification of the ob-
ject and its pursuit when it is moving (Newsome et al., 1985;
Segraves et al., 1987). Concerning the localization of the object,
the flow of neural activity that leads to the completion of a sac-
cade can be viewed as a neurobiological estimate of its physical
location because the saccade endpoints covary with the target
locations. The localization is not a discrete ballistic process that
ends at saccade onset. Indeed, unexpected perturbations in sac-
cade trajectory can be rapidly compensated so that the gaze is
ultimately directed toward the physical target location (Schiller
and Sandell, 1983; Sparks and Mays, 1983; Gandhi and Keller,
1999; Goossens and van Opstal, 2000; Xu-Wilson et al., 2011). In
fact, the visuo-oculomotor localization is a continuous process
(McPeek et al., 2000; McPeek and Keller, 2001) that is comple-
mented by postsaccadic cerebellar (Guerrasio et al., 2010; Arn-
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Moulin, 13385 Marseille Cedex 5, France. E-mail: laurent.goffart@univ-amu.fr.
DOI:10.1523/JNEUROSCI.1212-15.2015

Copyright © 2015 the authors 0270-6474/15/3511780-11$15.00/0

Significance Statement

Complementing the work of Fleuriet and Goffart (2012), this study is a contribution to the more general scientific research aimed
at understanding how ongoing action is dynamically and adaptively adjusted to the current spatiotemporal aspects of its goal.
Using the saccadic eye movement as a probe, we provide results that are critical for investigating and understanding the neural
basis of motion extrapolation and prediction.
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stein et al., 2015), collicular (Goffart et al., 2012; Hafed and
Krauzlis, 2012) and medullar activities (Mettens et al., 1994; Dale
and Cullen, 2015) that maintain the object image within the cen-
tral visual field.

When the object moves in the visual field, its motion evokes a
streak of activity on the retina and the resulting visual signals are
obviously different from those elicited by a static object. How-
ever, this fleeting activity also leads to robust oculomotor com-
mands because corrections are observed in the monkey when the
saccade trajectory is perturbed by a brief microstimulation in the
deep SC (Fleuriet and Goffart, 2012). In this study, the change of
trajectory occurred 150 ms after the onset of the target motion
and during a short blank interval (150 or 300 ms). Because the
corrections were made in the absence of visual feedback, the hy-
pothesis was proposed that the gaze was guided by an estimate of
the expected and current spatiotemporal position of the target.
Two groups of signals can participate in the elaboration of this
command and guide the saccades toward the transiently invisible
moving target regardless of whether their trajectory is perturbed
or not: (1) the target-motion-related signals that precede the
blank interval and (2) the mnemonic signals that the target is
expected to reappear and continue to move along the same path.
A sort of interpolation would happen when the spread of target
related activity (e.g., in the deep SC; Sparks et al., 1976; Anderson
et al., 1998) merges with upcoming expected visual signals
(Walker et al., 1995), “filling” the blank interval with a neural
signal that would drive the gaze motor system.

The present work is focused on testing the influence of the first
group of signals (those that precede the blank) in the specification
of the saccade endpoint. More specifically, we tested whether
saccades made in response to a transient moving target land on

the average of positions that the target oc-
cupied during the presaccadic period or if
they land beyond the location where the
target disappeared, revealing, in that case,
some “extrapolation” capabilities of the
visuo-saccadic system. To further exam-
ine the sensitivity of a presumed temporal
integration process to the target motion
dynamics, we also tested different target
speed profiles. Our results support the
view that the brain converts a brief retinal
streak of activity into a saccade endpoint
according to a dynamic process that, in
addition to the past positions of the target,
takes its motion speed and its rate of
change into account.

Materials and Methods
Subjects and surgical procedures. Three adult
male macaque rhesus monkeys (Monkeys G, A,
and M) were used for this experiment. One
surgical procedure under isoflurane anesthesia
and aseptic conditions was performed. A post
for immobilizing the head was secured with
stainless steel screws and bone cement on the
top front center of the skull. For monitoring
the eye movements, a three-turn magnetic
search coil (AS 634; Cooner Wire) was sutured
(with silk) to the sclera under the conjunctiva
of one eye. Leads were passed under the skin to
a connector located on the top of the skull. The
oculomotor training was initiated after full re-
covery. All surgical procedures and experi-
ments were approved by the Regional Ethics

Committee (approval no. A13/01/13) and conducted in compliance with
the guidelines of the European Community on Animal Care under the
auspices of a full-time veterinarian.

Eye movement recording and visual stimulation. Data acquisition, on-
line control of oculomotor performance, and triggering of stimuli were
controlled by a PC using the Beethoven software package (Ryklin Soft-
ware). Eye movements were measured with a phase angle detection sys-
tem (3-feet coil frame; CNC Engineering). Voltage signals separately
encoding horizontal and vertical positions of the eye were sampled at 500
Hz. Monkeys were seated in a chair facing a video monitor (Samsung
SyncMaster 2233; 100 Hz refresh rate) located at a viewing distance of 38
cm. Visual stimuli were Gaussian-blurred disks of 0.4° diameter.

Behavioral tasks. Experiments were conducted in a dark room essen-
tially illuminated by the gray background of visual display. The monkeys
were seated in a primate chair with the head restrained. Eye position
signals were calibrated by having the animal fixate stationary targets
presented at �16° along the horizontal or vertical meridians.

Each animal was first trained to perform a saccade task that shifted
gaze from a central (straight-ahead) target toward another static target.
For each trial, a warning tone preceded the onset of the central target. The
monkey’s task was to direct and maintain its gaze within a spatial window
(4° radius) surrounding the target for a variable interval (750 –1500 ms
varied in increments of 250 ms). The size of the fixation window was large
to avoid constraining the oculomotor behavior within artificial limits.
This strategy turned out to be very helpful in detecting any fixational bias
without frustrating the animal with a trial cancel (Goffart et al., 2006).
Moreover, the duration of the fixation interval is long and we have re-
ported previously that, despite the large size of acceptance windows and
a relatively extended fovea, the area of “foveal exploration” is rather
limited (Guerrasio et al., 2010). After the fixation interval, the central
target was extinguished and, immediately after, the peripheral target was
presented in the upper or lower field with a vertical eccentricity (Carte-
sian coordinates) of 16° (upward or downward) and various randomly

Figure 1. Time course of saccades toward a transient target moving with a constant speed. The eye position (horizontal: black;
vertical: gray) is plotted as a function of time after the onset of a target that moves in the upper right quadrant with a constant
speed (A–C: 20°/s; D–F: 40°/s) and for different durations: 50 ms (A, D), 100 ms (B, E), and 200 ms (C, F ). The time course of target
position is illustrated by the dotted black line. The selected saccades were recorded in the Monkey A. Figure 2E shows that the
horizontal undershoot of saccades shown in Figure 2F is due to the selection.
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selected horizontal eccentricities (1°, 2°, 3°, 4°,
5°, 6°, and 8° leftward or rightward). After suf-
ficient data (�100 saccades per target location)
were collected to estimate the oculomotor lo-
calization of each target, the monkeys were ex-
posed to a second series of experiments in
which they had to make saccades toward a
transient moving target. After the same fixa-
tion interval, the central target was extin-
guished and, immediately after, the peripheral
target moved in a direction orthogonal to the
vertical meridian rightward or leftward (ran-
dom selection) with a constant speed of 20°/s.
The duration of the target motion was very
short on the first day (50 ms). It was increased
to 100 ms on the second day, 200 ms on the
third day, 400 ms on the fourth day, and 800 ms
on the fifth day. This block design was used to
ensure that the monkeys did not adapt the size
of their saccades based on postsaccadic visual
signals (Hopp and Fuchs, 2004) and transfer
their learning either to the saccades made to-
ward the briefer targets or to those generated
during the next testing day. Moreover, the ex-
periments reported here are the first compo-
nent of a larger research program the goal of
which is to examine how the ability to maintain
the image of a moving target onto the foveae
(during pursuit eye movement) evolves as a
function of practice (Bourrelly et al., 2014) and
to study the conditions required to build up an
“internal model” of a moving target (Goffart et
al., 2014). Different target speeds were tested
afterward. The next tested speeds were 10°/s
and 40°/s (constant speed). Increasing and de-
creasing speeds were also tested. In those tests,
the target speed increased linearly from 0 to
40°/s (or 80°/s) or decreased linearly from 40°/s
(or 80°/s) to 0°/s during 200 ms (or 100 ms). The monkeys were rewarded
100 –300 ms after they directed their gaze within an ellipsoidal spatial
window around the moving target. The size of the window was adjusted
so that the monkeys were always rewarded after each saccade made in the
appropriate visual quadrant.

Data analysis. All data were digitized online and analyzed offline using
a software program that detected the onset and offset of the horizontal
and vertical saccade components on the basis of velocity threshold (15°/
s). The same velocity threshold was used to quantify the saccades made
toward a static and a moving target. The 15°/s value was kept because the
animals did not exhibit postsaccadic slow eye movement when the target
moved during 200 ms or less. Indeed, the results of the automatic detec-
tion were checked individually by inspecting the time course and the
trajectory of the eye during each trial. Several parameters, such as the
amplitude, landing position, and time, were extracted automatically
from detected movements. Statistical values reported in the Results sec-
tion correspond to the median � interquartile range. Unless stated oth-
erwise, this work focus on saccades made toward a target that moved for
200 ms or less. In some analyses, the saccade endpoints are considered
regardless of the quadrant of the visual field that was traveled by the
target. For grouping together the numerical values corresponding to
leftward and rightward eye positions, the position values were multiplied
by �1 when the eye was deviated toward the left.

Results
Figure 1 shows the time course of the horizontal and vertical
components of oblique saccades made in response to a target
that moves in the upper right quadrant with a constant speed
(top: 20°/s; bottom: 40°/s) and for durations that range from
50 ms (leftmost graphs) to 200 ms (rightmost graphs). Dou-

bling the duration of target motion slightly enhances the hor-
izontal amplitude of saccades (e.g., compare graph B vs graph
A or graph E vs graph D), but the effect is not as strong as the
effect of doubling the target speed. Indeed, for identical dura-
tions of target motion, the horizontal amplitude is larger when
the target moves faster (e.g., compare graph D vs graph A or
graph E vs graph B). This amplitude increase is not due to the
mere fact that the target displacement is larger. When we com-
pare saccades made in response to identical overall target dis-
placements but with different speeds, the horizontal
amplitude is still larger when the target moves faster, even
though the motion duration is half as long (compare graph D
vs graph B and graph E vs graph C).

Figure 2 shows for each monkey the distribution of the hori-
zontal positions of saccade endpoints when the target moves in
the same upper right quadrant. The horizontal amplitude of the
target displacement amounts to 2° in the histograms of the upper
row (Fig. 2A–C) and to 4° in the lower row (Fig. 2D–F). The final
horizontal positions of saccades toward a static target presented
at the location where the moving target disappeared (i.e., 16°
upward, 2° and 4° to the right) are also shown for comparison.
Although the visual activity elicited by the target motion is spa-
tially asymmetric, it is noticeable that the values of horizontal
position are symmetrically distributed for saccades toward a
moving target. Second, considering the saccades made in re-
sponse to the 2° target displacement, the horizontal final posi-
tions are significantly more eccentric when the target moves at
40°/s during 50 ms than when it moves at 20°/s during 100 ms in

Figure 2. Distribution of the horizontal positions of saccade endpoints. For each monkey (Monkey G: left; Monkey A: middle;
and Monkey M: right), the distribution of the horizontal final positions is shown for all saccades made in response to a target that
moved in the upper right quadrant for a 2° (A–C) or a 4° (D–F ) overall displacement. Dashed line indicates a static target; solid dark
line, a target moving at 40°/s; and solid gray line, a target moving at 20°/s (constant speeds).
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the Monkey A (Fig. 2B: 5.4 � 2.0° vs 4.1 � 1.1°; Mann–Whitney
nonparametric test, p � 0.001) and Monkey M (Fig. 2C: 5.8 �
1.7° vs 4.9 � 1.1°; p � 0.001). In Monkey G, there is no significant
difference (Fig. 2A: 3.8 � 2.0° vs 3.9 � 1.4°; p � 0.05). Third, the
saccades toward the moving target land on positions that are
located beyond the endpoints of saccades toward a static target
(1.4 � 0.9°, 2.6 � 0.4° and 2.4 � 0.4° in Monkeys G, A, and M,
respectively; p � 0.001). Comparable observations are made in
the saccades elicited by a 4° target displacement: the horizontal
final positions are more eccentric when the target moves at 40°/s
for 100 ms than when it moves at 20°/s for 200 ms in Monkey G
(Fig. 2D: 6.1 � 1.6° vs 4.9 � 1.8°; p � 0.001), in Monkey A (Fig.
2E: 6.6 � 1.6° vs 5.0 � 1.5°; p � 0.001) and in Monkey M (Fig. 2F:
7.9 � 1.3° vs 5.1 � 1.4°; p � 0.001). The saccades to the moving
target also land on positions that are located horizontally beyond
the endpoints of saccades toward a static target presented at the
location where the moving target disappeared (3.7 � 0.8°, 4.8 �
0.6° and 3.8 � 0.7° in Monkeys G, A, and M, respectively; p �
0.001).

The generalization of these observations to the other quad-
rants and monkeys can be seen in Figure 3. The median values of
horizontal final positions are plotted for saccades made in re-

sponse to identical displacements of the
target (graph A: 2°; graph B: 4°) but with
different speeds (abscissa: 20°/s; ordinate:
40°/s). Although the duration of target
visibility is half as long, the final positions
are more deviated horizontally when the
saccades are made to the faster target
(40°/s) than to the slower one (20°/s). The
paired comparison of median values re-
veals statistically significant differences
when the horizontal amplitude of the tar-
get displacement is 2° (Fig. 3A: average
difference � 0.6 � 0.9°; p � 0.05) as well
as 4° (Fig. 3B: 1.6 � 0.9°; p � 0.05). The
more eccentric final positions with the
faster target are not due to longer latencies
of saccades. When we consider the sac-
cades made in response to the 2° horizon-
tal target displacement, the paired
comparison of median latencies does not
show any significant difference between
the faster (40°/s) and the slower (20°/s)
target (average difference of median la-
tencies � �2 � 9 ms; Wilcoxon nonpara-
metric test: p � 0.05). A small but
significant latency increase (6 � 9 ms; p �
0.05) is observed in the saccades made to
the 4° horizontal target displacement, but
this difference is negligible because it cor-
responds to an additional target displace-
ment of 3% (0.12°). Furthermore, there is
no statistically significant correlation be-
tween the differences of latency (x) and
the differences of horizontal final posi-
tions ( y) (nonparametric Spearman cor-
relation coefficient R(x,y) � �0.14 for the
2° target displacement and R(x,y) � 0.21
for the 4° target displacement, p � 0.05;
Fig. 3C,D). Concerning the comparison
with the endpoints of saccades toward a
static target, the paired comparison across

all quadrants and monkeys reveals more eccentric horizontal fi-
nal positions for saccades toward a target moving over 2° (during
50 ms at 40°/s or during 100 ms at 20°/s) than for saccades toward
a 2° horizontally eccentric static target (average differences �
1.7 � 1.9° and 1.1 � 1.2° respectively; p � 0.05). In summary,
despite identical overall target displacements and shorter dura-
tion of target visibility, the saccades toward the faster target land
beyond the endpoint of saccades toward the slower target.

To further explore this influence of target speed, we tested
saccades made in response to target motions that were identical
in duration and displacement but had different rates of change of
speed. Figure 4 shows the time course of the horizontal and ver-
tical components of oblique saccades toward a target that moves
in the upper right quadrant. In the top row (accelerating target),
the target speed either increases linearly from 0 to 80°/s during
100 ms (Fig. 4A, average speed � 40°/s), from 0 to 40°/s during
200 ms (Fig. 4B, average speed � 20°/s) or increases linearly from
0 to 40°/s during the first 100 ms and again during the next 100 ms
(Fig. 4C; average speed � 20°/s). In the bottom row (decelerating
target), the target speed decreases linearly from 80 to 0°/s during
100 ms (Fig. 4D; average speed � 40°/s), from 40 to 0°/s during
200 ms (Fig. 4E; average speed � 20°/s), or decreases linearly

Figure 3. Influence of target speed on final eye position. Top, Horizontal final positions of saccades toward a target moving at
20°/s (abscissa) and 40°/s (ordinate) for a 2° overall target displacement (A: 20°/s during 100 ms vs 40°/s during 50 ms) and 4°
overall target displacement (B: 20°/s during 200 ms vs 40°/s during 100 ms). Data are shown for each monkey (Monkey G: F;
Monkey A: �; Monkey M: �) and each quadrant. Bottom, Difference in horizontal final positions as a function of difference of
latency for saccades made in response to the 2° (C: 50 ms at 40°/s vs 100 ms at 20°/s) and 4° (D: 100 ms at 40°/s vs 200 ms at 20°/s)
target displacements. Each data point corresponds to the median value of horizontal final positions.
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from 40 to 0°/s during 100 ms and again
during the following 100 ms (Fig. 4F; av-
erage speed � 20°/s). The comparison be-
tween the leftmost and middle graphs
(graph B vs graph A and graph E vs graph
D) illustrates again that the horizontal
amplitude is larger for saccades directed
toward the faster target, even though the
motion duration is shorter and the target
displacements identical. When the target
displacements and motion durations are
identical, the horizontal amplitude of sac-
cades is larger when they are directed to-
ward the decelerating target than toward
the accelerating one (compare graph D vs
graph A and graph E vs graph B). The fact
that the target locations are at more eccen-
tric locations early in the motion in the
decelerating speed condition is not suffi-
cient to explain this difference because the
saccades do not land toward these early
locations. Moreover, we will see later how
the saccades toward an accelerating target
can also land beyond its last visible posi-
tion. Similarly, the horizontal landing po-
sitions are slightly less eccentric for the
saccades toward the target that discontin-
uously decelerates than for the saccades
toward the target that continuously decel-
erates during the same time interval
(compare graph E vs graph F).

Figure 5 shows the distribution of hor-
izontal final positions for oblique saccades
made in response to a target displacement of 4° during 200 ms in
the upper right quadrant. As in saccades toward a target moving
with a constant speed, the final position values of saccades toward
a decelerating target are symmetrically distributed even though
the target speed itself is also temporally asymmetric. This sym-
metry is absent when we consider saccades toward an accelerating
target; the distribution is biased toward smaller position values.
The horizontal final positions are significantly less eccentric
when the target accelerates than when it decelerates in Monkey G
(Fig. 5A: 3.2 � 2.9° vs 6.2 � 1.5°; p � 0.001), in Monkey A (Fig.
5B: 2.9 � 1.9° vs 5.6 � 1.0°; p � 0.001), and in Monkey M (Fig.
5C: 3.4 � 1.7° vs 7.4 � 1.0°; p � 0.001). Similarly, the horizontal
final positions of saccades to the accelerating target are less eccen-
tric than the endpoints of saccades toward a target moving with a
constant speed in Monkey G (Fig. 5A: 3.2 � 2.9° vs 4.9 � 1.8°; p �
0.005), in Monkey A (Fig. 5B: 2.9 � 1.9° vs 4.9 � 1.5°; p � 0.001),
and in Monkey M (Fig. 5C: 3.4 � 1.7° vs 5.1 � 1.4°; p � 0.001).

This influence of the target speed is further documented for all
quadrants and monkeys in Figure 6. The median values of horizontal
final positions of saccades toward the decelerating target (ordinate)
are plotted against those of saccades toward the accelerating target
(abscissa). Therefore, although the duration and amplitude of the
target motion are identical, the positions are more deviated when the
target speed linearly decreases from 40 to 0°/s than when it linearly
increases from 0 to 40°/s during 100 ms (Fig. 6A). The difference is
small (average difference � 0.3 � 0.4° corresponding to 15% of the
target displacement) but statistically significant (Wilcoxon text; p �
0.05). For a target displacement of 4° during 200 ms (Fig. 6B), the
difference in horizontal eye deviation is larger (average difference �
2.4 � 0.6°; p � 0.05). The difference of horizontal final positions

between saccades toward an accelerating versus a decelerating target
does not reach statistical significance (average difference � 0.4 �
1.2°; p � 0.05) when the 4° target displacement occurs during a short
interval (100 ms); that is, when the change in target speed amounts
to 80°/s (examples shown in Fig. 4). However, when the same change
in target speed occurs during a longer interval (200 ms), the horizon-
tal final positions are again more deviated when the target deceler-
ates than when it accelerates (Fig. 6C; average difference � 3.2 �
1.5°; p � 0.001). These differences cannot be due to longer saccade
latencies when the target decelerates versus when it accelerates. If
any, the differences in latency between the two groups of saccades are
indeed very small, whether the target speed changes happens during
100 ms [Monkey G: 222 � 36 (n � 313) vs 222 � 36 ms (n � 165);
Monkey A: 174 � 44 (n � 448) vs 178 � 36 ms (n � 528); Monkey
M: 188 � 31 (n � 128) vs 176 � 30 ms (n � 135); values for the
accelerating and decelerating targets, respectively] or during 200 ms
[Monkey G: 214 � 26 (n � 94) vs 212 � 30 (n � 577) ms; Monkey
A: 158 � 52 (n � 493) vs 190 � 48 ms (n � 411); Monkey M: 182 �
32 (n � 98) vs 200 � 34 ms (n � 122)]. Similarly, the differences in
latency are small when the target speed changes between 0 and 80°/s
during 200 ms [Monkey G: 208 � 26 (n � 171) vs 216 � 30 ms (n �
152); Monkey A: 160 � 44 (n � 398) vs 198 � 66 ms (n � 417);
Monkey M: 205 � 68 (n � 104) vs 192 � 24 ms (n � 118)]. Fur-
thermore, there is no statistically significant correlation between the
differences of latency (x) and the differences of horizontal final po-
sitions ( y) between saccades toward a decelerating versus an accel-
erating target [Spearman coefficients R(x,y) � �0.30 for the 2°
target displacement (graph D), R(x,y) � 0.51 for the 4° target dis-
placement (graph E) and R(x,y)�0.64 for the 8° target displacement
(graph F); p � 0.05]. In summary, although the target displacements

Figure 4. Time course of saccades toward an accelerating or decelerating target. In the top row, the saccades (horizontal
component: black; vertical: gray) are aimed at a target moving in the upper right quadrant with an increasing (A–C) or decreasing
(D–F ) speed. In the left column, the target speed increases linearly from 0 to 80°/s (A) or decreases linearly from 80 to 0°/s (D)
during 100 ms. In the middle column, the target speed increases linearly from 0 to 40°/s (B) or decreases linearly from 40 to 0°/s (E)
during 200 ms. In the right column, the target speed changes linearly from 0 to 40°/s (C) or from 40 to 0°/s (F ) during the first 100
ms and again during the next 100 ms. The time course of target position is illustrated by the dotted black line. The selected saccades
were recorded in Monkey A.
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and durations are identical, the saccades have smaller horizontal
amplitude when they are made in response to an accelerating target
than to a decelerating target. The rate of change in speed matters in
the transformation of the retinal streak of activity into saccadic ocu-
lomotor commands.

The different endpoints between saccades to accelerating and de-
celerating targets could be due to different neuronal dynamics. In the
gradual specification of the amplitude of saccades (Sparks et al.,
1987), the target-motion-related signals may not have the same
weight depending upon their timing relative to the target appear-
ance. Early signals may be more prone to influence the saccade end-

points than later signals for the mere reason
that they are the first to reach the saccade-
related premotor centers in the brainstem.
We further tested this possibility by com-
paring saccades toward a target that acceler-
ated from 0 to 40°/s during different
intervals. If the early signals are more influ-
ential than the later signals, saccades toward
a target that accelerates from 0 to 40°/s dur-
ing a short interval (100 ms) should land
more eccentrically than saccades toward a
target that accelerates similarly but during a
longer interval (200 ms) even though the
horizontal target displacement is doubled in
the second case. Our results show that it is
indeed the case. When we consider, for ex-
ample, the saccades toward a target moving
in the upper right visual field (Figs. 2, 5), the
horizontal final positions are more eccentric
when the target accelerates during 100 ms
than during 200 ms in Monkey G [5.6 �
2.2° (n � 65) vs 3.2 � 2.9° (n � 28); p �
0.001], in Monkey A [middle: 3.9 � 1.0°
(n � 112) vs 2.9 � 1.9° (n � 135); p �
0.001], and in Monkey M [5.2 � 1.2° (n �
37) vs 3.4 � 1.7° (n � 39); p � 0.001] de-
spite a halved displacement of the target.
This result is documented for all quadrants
and monkeys in Figure 7A. The horizontal
final positions (median values) of saccades
toward a target accelerating from 0 to 40°/s
during 200 ms (ordinate) are plotted against
those toward a target accelerating during
100 ms (abscissa). The fact that the majority
of data points are situated below the diago-
nal dashed line (unity slope) illustrates that
saccades toward a target that accelerates
during a short interval (from 0 to 40°/s dur-
ing 100 ms) land more eccentrically than
saccades toward a target that accelerates
during longer intervals (from 0 to 40°/s dur-
ing 200 ms) even though the horizontal tar-
get displacement is doubled. The paired
comparison of the two groups of saccades
reveals that this difference (1.0 � 0.7°) is sta-
tistically significant (p � 0.005). In sum-
mary, the target-motion-related signals
have different weight depending upon their
timing relative to the target onset: early sig-
nals are more prone to influence the end-
point of saccades than later signals.

This result must not be taken as evi-
dence that the target-motion-related signals would be “sampled”
during the first 100 ms period and that the visuo-oculomotor
system would be refractory to subsequent visual input before the
saccade is launched. Indeed, when we consider the saccades to-
ward a target moving in the upper right visual field (as above) and
compare the horizontal final eye positions of saccades directed
toward a target that decelerates from 40 to 0°/s, the horizontal
final positions are less eccentric when the deceleration lasts 100
ms than when it lasts 200 ms in Monkey G [5.4 � 1.6° (42) vs
6.2 � 1.5° (132); p � 0.001] and in Monkey A [3.7 � 0.8° (144) vs
5.6 � 1.0° (99); p � 0.001], but not in Monkey M [5.2 � 0.8° (37)

Figure 5. Distribution of the horizontal final positions of saccades to transient targets moving with different speed profile. For
each monkey (A, Monkey G; B, Monkey A; C, Monkey M), the distribution of the horizontal final positions is shown for all saccades
made in response to a target that moves in the upper right quadrant during 200 ms with a constant speed (20°/s, dashed line), with
a speed increasing from 0 to 40°/s (solid gray line), or with a speed decreasing from 40 to 0°/s (solid black line).

Figure 6. Influence of target speed profile on the saccade endpoint and latency. Top, Horizontal final position of saccades
made in response to identical target motion duration and displacement but different speed profile. The final positions of
saccades to a decelerating target are plotted against the final positions of saccades to an accelerating target. Bottom,
Difference of horizontal final position against difference of latency. The target moved for 2° during 100 ms (A, D), 4° during
200 ms (B, E), or 8° during 200 ms (C, F ). Median values and their difference are shown for all quadrants and monkeys
(Monkey G: F; Monkey A: �; Monkey M: �).
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vs 7.4 � 1.0° (32); p � 0.05]. Figure 7B further documents this
result for all quadrants and all monkeys. The horizontal final
positions (median values) of saccades toward a target decelerat-
ing from 40 to 0°/s during 200 ms (ordinate) are plotted against
those to a target decelerating during 100 ms (abscissa). The ma-
jority of data points are situated above the diagonal, indicating
that saccades toward a target that decelerates during a longer
interval (from 40 to 0°/s during 200 ms) land more eccentrically
than saccades toward a target that decelerates during a shorter
interval (100 ms). The paired comparison of the two groups of
saccades reveals that this difference (1.0 � 1.0°) is statistically
significant (p � 0.05). Furthermore, when the horizontal final
position is compared between saccades toward a target that de-
celerates from 40 to 0°/s during 100 ms and saccades toward a
target that decelerates two times from 40 to 0°/s (Fig. 4E, first
deceleration during the first 100 ms followed by a second decel-
eration during the next 100 ms), most median values are situated
above the unity slope (Fig. 7D) and the paired comparison reveals
that this difference (0.5 � 0.7°) is statistically significant (p �
0.05). Finally, when, instead of decelerating, the target acceler-
ates, the horizontal final positions are not significantly different
between saccades directed toward a target that accelerates twice
and those toward a target that accelerates only during 100 ms
(Fig. 7C; average difference � 0.3 � 0.5°).

We have seen that the saccades made in response to a tran-
sient moving target overshoot the location where the target
disappeared with a magnitude that depends upon the target
speed. Moreover, the endpoints are horizontally more scat-
tered than the landing positions of saccades toward a static

target (Fig. 2). Figure 8 shows that this variability is related to
the response time (i.e., the time interval from the target mo-
tion onset to the saccade end) and that this relation depends
upon the rate of change in target speed. The positions are
plotted as a function of the response time rather than the
latency because there is no evidence that the target-related
signals (those acquired before the saccade onset) stop feeding
the saccade-related premotor neurons when they emit their
burst. When the target moves in the upper right visual field
with a speed that increases from 0 to 40°/s during 200 ms (Fig.
8 A, D,G, left), the horizontal position of saccade endpoints
increases linearly with the response time for each monkey. The
later the time of saccade landing, the more eccentric the hor-
izontal position of its endpoint. The saccades with the latest
landing times overshoot the location where the target disap-
peared (position values larger than 4°), whereas those with the
earliest landing times fall short of the current target location
(position values smaller than 4°). It is noticeable that the
slopes regressing the relations between the landing positions
and times (Fig. 8A: 58°/s; Fig. 8D: 30°/s; Fig. 8G: 36°/s) exceed
the average speed of the target (20°/s). Different slope values
are observed between the saccades made toward the different
quadrants. In Monkey G, the slope is 39°/s for the lower right
quadrant, 29°/s and 39°/s for the upper and lower left quad-
rant. In Monkey A, the slope is 21°/s for the lower right quad-
rant, 22°/s and 23°/s for the upper and lower left quadrant. In
Monkey M, the slope is 48°/s for the lower right quadrant,
30°/s and 26°/s for the upper and lower left quadrant. This
variability is related to the landing time of saccades. Indeed,
the slopes (x) are positively correlated with the average land-
ing time of saccades ( y) (Spearman correlation; R(x,y) � 0.81,
p � 0.05). When the target moves in the upper right visual
field with a constant speed (20°/s during 200 ms; middle col-
umn), the horizontal position of saccade endpoints also in-
creases linearly with time. Most saccades overshoot the
location where the target has disappeared (position values
larger than 4°). The slopes regressing the relations between the
landing positions and times are smaller than the values mea-
sured above on saccades to the accelerating target (Fig. 8B:
31°/s; Fig. 8E: 13°/s; Fig. 8H: 23°/s). When we consider all
quadrants, the slope values range from 13 to 20°/s in Monkey
A, from 6 to 31°/s in Monkey G, and from 18 to 24°/s in
Monkey M. Finally, when we consider the saccades in response
to the decelerating target (speed decreases from 40 to 0°/s
during 200 ms in the upper right quadrant; Fig. 8C, F, I ), all
saccades overshoot the location where the target has disap-
peared (position values larger than 4°). The relation between
the landing positions and times is also much weaker (lower
slope and R 2 values). When we consider all quadrants, the
regression slopes range from 3 to 9°/s in Monkey A, from 1 to
24°/s in Monkey G, and from 5 to 15°/s in Monkey M. In
summary, the landing positions of saccades are correlated with
their landing times in a manner that is sensitive to the rate of
change of target speed: the faster the target before the time of
saccade end, the stronger the correlation.

Although the medium in which the neural activities propagate
is different (neither homogeneous nor isotropic) from the arith-
metical fabric in which they are represented, and although the
physics of the propagation of visual signals remains largely un-
known, an hypothetical extrapolation error (eye position at sac-
cade end relative to target location at saccade end) was calculated
for if the target had continued to move along its predefined tra-
jectory. This numerical value is plotted in Figure 9 as a func-

Figure 7. Influence of target duration and speed profile. Horizontal final eye position of
saccades toward a target that moves from 0 to 40°/s (left) or from 40 to 0°/s (right) with
different durations. A, B, 100 ms (abscissa) versus 200 ms (ordinate). C, D, 100 ms (abscissa)
versus two times 100 ms (ordinate) for all quadrants and monkeys (Monkey G: F; Monkey A:
�; Monkey M: �).
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tion of the response time for the same data as in Figure 8.
Therefore, one can better appreciate the undershoot (negative
error values) of saccades toward the accelerating target (Fig. 9,
left column) and the overshoot (positive error values) of sac-
cades toward the decelerating target (Fig. 9, right column).
The middle column also shows how this numerical value fluc-
tuates around zero for saccades toward the target that moved
with the constant speed.

Discussion
In this work, we investigated how visual signals yielded by a tran-
sient moving target are transformed into commands for generat-
ing a saccade. At the input side, the target motion evokes a streak
of retinal activity, whereas at the output, a phasic change in the
contraction of extraocular muscles quickly reorients the gaze.
Our results show that the saccades rarely direct gaze toward the
locations traveled by the target; most saccades land beyond the
last visible location. Therefore, on the basis of antecedent signals,
the visuo-saccadic system extrapolates a landing position. This
extrapolation does not involve a process that uniformly inte-
grates speed signals or converts successive position signals into a
vectorial command encoding a target displacement. For identical

overall (not instantaneous) target displacements on the visual
display, the landing position is more eccentric with faster targets
(Figs. 3A,B, 6A–C). The landing depends more upon the target
speed than the duration or amplitude of the target displacement.
Furthermore, depending upon their timing relative to the target
onset, the motion-related signals do not have the same weight.
Early signals are more influential than later signals in the specifi-
cation of saccade amplitude, likely because they are the first to
reach the saccade-related premotor centers. The saccade end-
points are indeed more eccentric when the speed is faster at target
onset (Figs. 6A–C, 7A). This dominance of early signals does
not mean that later signals have no influence. On the contrary,
the latter also participate in the specification of saccade am-
plitude (Figs. 7B–D, 8). Below, we discuss the “predictive”
properties of the visuo-saccadic system and the “here-and-
now” hypothesis (Fleuriet and Goffart, 2012) before consider-
ing the nature of the location where the saccades land in
response to a moving target.

Do saccades aim at the future position of a moving target?
The idea was proposed that the saccades toward a moving target
reflect the ability to predict the future target location. Based on

Figure 8. The extrapolation mimics the final target speed. For each monkey (Monkey G: top; Monkey A: middle; Monkey M: bottom), the horizontal final eye positions are plotted as a function
of the response time (landing time) of saccades made in response to a target moving in the upper right visual quadrant with an increasing speed (from 0 to 40°/s; A, D, G), a constant speed (20°/s,
B, E, H ), or a decreasing speed (from 40 to 0°/s, C, F, I ) during 200 ms. The target position during the last 100 ms is illustrated by the dotted black line.
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observations made in the cat, Klam et al. (2001) suggested that “in
programming interceptive saccades, target motion is used to pre-
dict the future target position so as to assure a spatial lead of the
gaze at the saccade end, instead of attempting a precise capture of
the target.” Somehow, the visuo-oculomotor system would esti-
mate “the time remaining until the collision of the target with the
line of sight” (Klam et al., 2001) or “the time at which the eye
trajectory will cross the target” (de Brouwer et al., 2002, a study
with human subjects).

This protentional view is problematic for two reasons. First, a
freely moving object can occupy a large number of locations. Its
upcoming position depends upon so many factors (e.g., the direc-
tion of its motion relative to the observer, its depth, its speed and
acceleration, its lifetime, the cluttering and the regularities of its en-
vironment, etc.) that considering that the brain activity could encode
its future position implies that it is “cognizant” of all these factors
some time before the interception. A more fundamental problem is
hidden behind this ability to “predict the future position,” which is
to understand how the trajectories are memorized and retrieved
(Dudai, 2009) and how they guide the ongoing action (Goffart et al.,

2014). Second, most observations in the monkey show that the in-
terceptive saccades do not orient the foveae toward any (undefined)
“future” location where the gaze would be maintained, waiting for
the target to enter within the foveal field and initiate its pursuit (Lis-
berger, 1998). Only during the Rashbass paradigm does the target
move toward the foveal field while the gaze remains stationary
(Rashbass, 1961). However, this laboratory condition is extraordi-
nary because it requires that the target starts moving from a re-
stricted zone of the visual field and toward the foveal field. In fact, all
data show that the interceptive saccades either fall short or land
approximately at the location where the target is at the time of sac-
cade landing (Robinson, 1965; Fuchs, 1967; Barmack, 1970; Keller
and Johnsen, 1990; Cassanello et al., 2008; Fleuriet et al., 2011) even
when their trajectory is perturbed (Fleuriet and Goffart, 2012).
When the spatiotemporal coincidence is not reached (undershoot),
correction (catch-up) saccades are made to bring the target image
back onto the foveae. Therefore, rather than the future position of a
moving target, the brain activity encodes at best its expected posi-
tion, here-and-now (Goffart et al., 2014), on the basis of antecedent

Figure 9. Hypothetical extrapolation error. For the same data as plotted in Figure 8 (Monkey G: top; Monkey A: middle; Monkey M: bottom), the hypothetical horizontal errors are plotted as a
function of the response time (landing time) for all saccades made in response to a target moving in the upper right visual quadrant with an increasing speed (from 0 to 40°/s; A, D, G), a constant
speed (20°/s, B, E, H ), or a decreasing speed (from 40 to 0°/s, C, F, I ) during 200 ms. The numerical value of error is the eye position at saccade end relative to target location at saccade end had the
target continued to move along its predefined trajectory (see the text for detailed interpretations).
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visual signals and adaptive signals acquired during previous training
experiences.

Comments on the “here-and-now” hypothesis
Fleuriet and Goffart (2012) hypothesized that the gaze trajectory
is guided by an estimate of the expected and current spatiotem-
poral position of the target. In their perturbation experiments,
the monkeys were trained to track a target moving along a hori-
zontal path with a constant speed. There was no uncertainty
about the target motion direction (always horizontal) and speed
(constant). The target appeared either in the upper or lower vi-
sual field and moved either rightward or leftward. After a short
displacement, it was briefly blanked during its course toward the
edges of the visual display. Therefore, the motion signals that
preceded the blank fully determined the upcoming target path.
There was no uncertainty about whether the target would reap-
pear and keep moving along the same path; that is, that it would
not move backward or change its direction during the blank.
Using a brief microstimulation in the deep SC at the onset of the
blank interval, changes of saccade trajectory were elicited exper-
imentally and, despite stimulation-induced changes in eye posi-
tion and delays, correction saccades were generated, sometimes
after an intersaccadic pause. These saccades did not bring gaze
toward any future position of the target; they landed next to the
location where unperturbed saccades would have landed at about
the same time. The present work complements this perturbation
study by showing that saccades to a transient moving target land
beyond the location where the target disappeared. When the tar-
get moves at constant speed, the saccades land approximately
where the target would be if it were still moving during the next
100 ms (Fig. 8B,E,H). Therefore, the visual signals that preceded
the target blanking could have contributed to guide the correc-
tion saccades reported in Fleuriet and Goffart (2012) because the
added delays did not exceed 100 ms (see their Figs. 6 and 7).
Signals related to the expectation of target reappearance may not
be necessary in generating the compensatory response. This con-
clusion neither refutes their existence nor the “here-and-now”
hypothesis because most observations are consistent with this
conjecture (see above). However, other experiments are required
to test (and eventually refute) the hypothesis that the interceptive
saccades are driven by a dynamic command encoding the current
spatiotemporal position of the target.

Where do the saccades land in response to a moving target?
Our study provides evidence that the visuo-saccadic motor
system extrapolates a landing position from transient signals
of a moving target. In addition to their sensitivity to the target
eccentricity, the saccades land on a position that depends
more upon the speed of the target than the duration or ampli-
tude of its displacement. For identical overall target displace-
ment, the landing position is more eccentric with the faster
target. When the target moves with a constant speed, the sac-
cades land along the target path (Fig. 8). Such a result could be
considered as evidence for an efficient predictive perfor-
mance. However, two points lead us to cautiously interpret
this observation. First, the block design of our experiments
likely reduced the uncertainty about the target path and its
dynamics. Second, this predictive-like performance depends
upon the constancy of target speed. Indeed, when the target
decelerates, the saccades do not land where the target would be
within the next 100 ms; they largely overshoot the target loca-
tion, even those with the longest latency. When the target
accelerates, the saccades with the shortest latencies under-

shoot the target location (Figs. 8, 9). Intriguingly, the end-
points are scattered along a path that depends upon their
landing time with a relation the slope of which differs from the
average speed of the target but approximate its final speed
(Fig. 8). When the speed increases from 0 to 40°/s, the average
slopes are 41, 24, and 35°/s (in Monkey G, A, and M, respec-
tively). When it is constant, the slopes are 21, 18, and 22°/s,
respectively, and, when it decreases from 40 to 0°/s, the slopes
are 11.3, 6.3, and 8.5°/s, respectively. The extrapolation seems
to mimic the target dynamics and sustains it for at least an
additional 100 ms. Initially, the interceptive saccades can be
inaccurate (Fig. 9) and processes subtending their adaptation
(Hopp and Fuchs, 2004; Havermann et al., 2012) could sub-
sequently proceed via cerebello-reticular (Kojima et al., 2008;
Quinet and Goffart, 2015) and cerebello-thalamic influences
(Gaymard et al., 2001). Through neural processes that remain
mostly unknown, the visuo-oculomotor system learns to in-
corporate the dynamics of objects embedded in its environ-
ment (Bourrelly et al., 2014), extending to shorter time scales
the adaptive process by which the environment is imprinted
within the anatomo-functional organization of the nervous
system (Lorenz, 1977).
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catch-up saccades during visual tracking? J Neurophysiol 87:1646 –1650.
Medline

Dudai Y (2009) Predicting not to predict too much: how the cellular ma-
chinery of memory anticipates the uncertain future. Philos Trans R Soc
Lond B Biol Sci 364:1255–1262. CrossRef Medline

Fleuriet J, Goffart L (2012) Saccadic interception of a moving visual target
after a spatiotemporal perturbation. J Neurosci 32:452– 461. CrossRef
Medline

Fleuriet J, Hugues S, Perrinet L, Goffart L (2011) Saccadic foveation of a
moving visual target in the rhesus monkey. J Neurophysiol 105:883– 895.
CrossRef Medline

Fuchs AF (1967) Saccadic and smooth pursuit eye movements in the mon-
key. J Physiol 191:609 – 631. CrossRef Medline

Gandhi NJ, Keller EL (1999) Comparison of saccades perturbed by stimu-
lation of the rostral superior colliculus, the caudal superior colliculus, and
the omnipause neuron region. J Neurophysiol 82:3236 –3253. Medline
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