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Causality Attribution Biases Oculomotor Responses
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When viewing one object move after being struck by another, humans perceive that the action of the first object “caused” the motion of
the second, not that the two events occurred independently. Although established as a perceptual and linguistic concept, it is not yet
known whether the notion of causality exists as a fundamental, preattentional “Gestalt” that can influence predictive motor processes.
Therefore, eye movements of human observers were measured while viewing a display in which a launcher impacted a tool to trigger the
motion of a second “reaction” target. The reaction target could move either in the direction predicted by transfer of momentum after the
collision (“causal”) or in a different direction (“noncausal”), with equal probability. Control trials were also performed with identical
target motion, either with a 100 ms time delay between the collision and reactive motion, or without the interposed tool. Subjects made
significantly more predictive movements (smooth pursuit and saccades) in the causal direction during standard trials, and smooth
pursuit latencies were also shorter overall. These trends were reduced or absent in control trials. In addition, pursuit latencies in the
noncausal direction were longer during standard trials than during control trials. The results show that causal context has a strong
influence on predictive movements.

Introduction
The physicist Max Born (1949) wrote (p. 9), “Causality postu-
lates that there are laws by which the occurrence of an entity B of
a certain class depends on the occurrence of an entity A of another
class, where the word ‘entity’ means any physical object, phe-
nomenon, situation, or event. A is called the cause, B the effect.”
Born added two additional spatiotemporal constraints: first, that
the cause should precede (or at least be simultaneous with) the
effect. Second, that there must be some sort of spatial contact
between the cause and effect, even if it is by way of a chain of
intermediaries. Causality is a well established perceptual and lin-
guistic phenomenon (Wagemans et al., 2006). However, it is not
yet known whether causal context, or the expectation of a causal
interaction, is capable of influencing predictive motor actions.

The first modern psychological studies of causality were per-
formed by Albert Michotte (1946/1963). Michotte used abstract
visual stimuli, such as shapes that moved and collided in various
ways, and made detailed manipulations of their spatial and tem-
poral properties. His subjects responded with verbal descriptions
of the resulting “scenes,” and Michotte determined whether they
thought there was a causal element (“object A caused object B to
move”) or not. Based on numerous experiments, Michotte con-
cluded that humans perceive causality as a Gestalt, tantamount to
the way they perceive shape, motion, or other fundamental qual-
ities in the world. Michotte’s results have been replicated in con-

temporary experiments (for review, see Scholl and Tremoulet,
2000), using more quantitative measurements (Hubbard and
Favretto, 2003), using infants (Saxe and Carey, 2006), and even
with rhesus monkeys (Hauser and Spaulding, 2006), though the
innateness of causality perception is still questioned (Hubbard,
2004; Saxe and Carey, 2006; Straube and Chatterjee, 2010).

If causality attribution is truly a built-in framework within the
human mind, it should not be limited only to perception. It
should also extend to the motor domain, allowing subjects to
apply their putative causal analyzer to an upcoming event and
generate an appropriate predictive motor response. To test this
hypothesis, we measured eye movement responses to a simple
stimulus (Fig. 1), where a reaction target moved after being struck
by a launcher target (via an interposed tool). More predictive eye
movements were generated toward the causal target, even when
the movement probability of both reaction targets was identical.
Increasing the movement probability of one or the other reaction
target largely eliminated the direction bias toward the causal tar-
get, although movements toward the noncausal target had longer
latencies. Adding a time delay between the collision with the tool
and subsequent motion of the reaction target eliminated the dif-
ferences in movement characteristics. A second set of experi-
ments showed that the tool was necessary to invoke the causal
bias. The results suggest that causality attribution is a Gestalt that
frames predictive movements and requires cognitive effort to
override.

Some results first appeared in an abstract presented at SFN
2009 (Badler et al., 2009).

Materials and Methods
For experiment 1, eight healthy subjects (three female) between the ages
of 21 and 40 were used. All except subject JB were naive to the design and
purpose of the study. For experiment 2, 11 healthy subjects (7 female)
between the ages of 18 and 43 were used, all naive. All subjects gave their
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consent to participate, and all procedures were approved by the ethics
committee of the Faculty of Medicine at the Université catholique de
Louvain.

Subjects were seated in a darkened room facing a dimly lit (luminance
�0.1 cd/m 2) cathode ray tube monitor (Sony Trinitron). The viewable
screen area measured 41 cm by 31 cm, the resolution was 800 � 600
pixels and the refresh rate was 100 Hz. Their chins and foreheads rested
on a padded frame 70 cm from the screen. Eye movements were recorded
at 1000 Hz using an EyeLink 1000 fixed camera (SR Research Ltd.).
Before each session, subjects viewed a calibration pattern consisting of a
blue dot 0.37° in diameter that appeared in a sequence starting at the
screen center, followed by positions vertical �5° and �10°, horizontal
�5° and �10°, and finally ending back in the center. All fixations lasted
2000 ms. These trials were used for offline computation of offsets and
gains.
Visual stimulus. The visual stimulus (Fig. 1) was similar for both experi-
ments. It consisted of a “tool,” a launcher target and one or two reaction
targets. In experiment 1 (Fig. 1 A), the tool was a static red octagon 1.25°
wide (luminance 0.2 cd/m 2) that appeared in the center of the screen at
the beginning of a trial and disappeared at the end. The launcher target
was a green dot 0.5° in diameter (luminance 0.2 cd/m 2) that appeared
after a fixation period of 500 ms in the screen periphery 12° eccentric, and
moved toward the tool in the center with a velocity of 30°/s. The two
reaction targets were also green dots with the same characteristics as the
launcher except that they began adjacent to the tool, and they also ap-
peared after the fixation period. One of the reaction targets always sat on

the opposite side of the tool relative to the launcher; it is referred to as the
“causal target.” The other reaction target sat orthogonal to the trajectory
of the launcher and is referred to as the “noncausal target.” After the
launcher contacted the tool, one of the reaction targets moved directly
away from the tool with the same velocity as the launcher. Its excursion
lasted 500 ms, which carried it off of the visible screen. The tool, launcher
and inactive reaction target all remained for an additional 250 ms. The
screen was then blanked for the intertrial interval of 1500 ms. Subjects
were instructed to begin by fixating the center of the tool, then to pursue
with the eyes the reaction target that moved.

For experiment 2 (Fig. 1 B), there was a single reaction target, and the
launcher target approached at an oblique angle. This was done to ensure
that the vectorial components of the launcher motion were equal for
both possible reaction target trajectories. The reaction target could move
either directly away from the tool, at a 135° deviation from the launcher
path, or at a 135° deviation to the opposite side. The former is referred to
as the “causal direction,” and the latter as the “noncausal direction.”
They are exactly analogous to the cases of experiment 1. Subjects were
instructed to fixate the reaction target (not the tool) and to follow it when
it moved. The time parameters of the trials were also changed slightly
(750 ms initial fixation period, 1000 ms intertrial interval). In addition,
the color of the reaction target was changed to white to better distinguish
it from the launcher, and the tool size was increased slightly (1.35°).

A single block consisted of 48 trials. The initial position of the launcher
target (left, right, up, or down) was randomized. In experiment 1, the
causal target was always collinear with the launcher, but the “handed-
ness” of the noncausal target (to the left or right of the launcher path) was
also randomized in a balanced fashion for each block. The handedness
was also randomized in experiment 2, by mirroring the configuration
across the axis defined by the launcher target trajectory. The probability
of either the causal or noncausal reaction target moving after the
launcher contacted the tool was varied as an experimental parameter in
experiment 1, and this randomization was independent for all trials. The
probability that the causal target moved (pC) was one of 0.0, 0.25, 0.5,
0.75 or 1.0 (subjects FP and IC were not tested with pC � 0.25 or 0.75
blocks). In experiment 2, the probability that the reaction target moved
in the causal direction (also called pC, and analogous to the first experi-
ment) was always 0.5.

As a control, delay blocks were performed in experiment 1 where there
was a 100 ms pause between when the launcher contacted the tool and the
reaction target began to move. Delay blocks were performed only for pC
values of 0.0, 0.5 or 1.0. Delays were not used in experiment 2; instead, in
control trials the tool octagon was never shown (no-tool condition).

Experimental sessions consisted of sequential presentations of trial
blocks. In experiment 1, between two and nine blocks were presented in
a single session, depending on the stamina of the subject). Only one type
of block was presented in a session; i.e., with a constant value for pC and
the time delay (except for subject PD). For all subjects the first session
used the standard (no-delay) pC � 0.5 block; the block type for all other
sessions was selected randomly. For each condition a minimum of 5
blocks (240 trials) of data were collected.

In experiment 2, only one fixed-format session per subject was used.
Subjects were first tested on five blocks (240 trials) of the no-tool condi-
tion, to establish a baseline response to the different geometric configu-
rations of the moving targets. Afterward, five blocks of the standard
condition were performed. As in experiment 1, subjects were allowed to
take short breaks between blocks if needed.

Eye movements. Pupil position was recorded directly using the EyeLink
tracker. Subsequent analysis was performed in MATLAB (The Math-
Works Inc.) using in-house software. Horizontal and vertical eye posi-
tion were digitally differentiated and filtered (25 Hz cutoff) to compute
eye velocity. Eye acceleration was also computed by differentiation, using
a 40 Hz cutoff filter instead. For the calibration trials, periods of stable
gaze at each target position were manually selected by an operator, fol-
lowing which offsets and gains were computed using linear regression.

Saccade detection was based on a previous algorithm (de Brouwer et
al., 2002). Briefly, saccades were marked during time intervals where the
absolute value of eye acceleration exceeded 750°/s 2 for �20 ms. In addi-
tion, it was required that the positive and negative peak values of (signed)
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B

Figure 1. Schematic of the paradigm. A.1– 4, Time course of experiment 1. At trial onset,
the tool octagon appeared (A.1). After 500 ms, the two stationary reaction targets appeared
adjacent to the tool, as well as the launcher target which moved inward from the periphery
(A.2). After an additional 370 ms the launcher contacted the tool (A.3). Immediately (standard
trials) or 100 ms after the collision (delay trials), one of the reaction targets moved toward the
periphery at the same speed as the launcher (A.4a,b). In causal trials, the target directly oppo-
site the launcher was the one that moved (A.4a). In noncausal trials, the target orthogonal to
the path of the launcher moved (A.4b). Solid arrows indicate a current movement; dashed lines
indicate a previous movement. Subjects were instructed to fixate the tool initially, then to track
whichever reaction target moved after the collision. B, Stimulus layout used for experiment 2.
The launcher target approached at an oblique angle. After the collision, the single reaction
target moved in one of the two directions indicated (50% probability for each). There were no
time-delay trials, but during no-tool blocks the octagonal tool was not visible. The fixation
interval was also slightly longer (750 ms).
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acceleration were separated by at least 30 ms. Saccade direction was
computed by averaging instantaneous movement direction over the du-
ration of the saccade. Instantaneous movement direction d(t) was de-
fined as d(t) � atan4( y�(t), x�(t) ), where x�(t) and y�(t) are filtered
horizontal and vertical eye velocity, respectively, and atan4 is the
4-quadrant arctangent with possible values in the interval (�180, 180]°.
Only saccades that occurred after the onset of launcher target motion
were recorded.

Pursuit onset was also detected using a previous algorithm (de Hemptinne
et al., 2007). Filtered velocity was required to exceed a threshold of 2°/s
for at least 100 ms to be classified as pursuit. To allow for oscillations of
eye velocity which sometimes occurred around the threshold, subthresh-
old intervals were allowed so long as they did not exceed 50 ms in dura-
tion. Subthreshold periods did not count toward the 100 ms
requirement, however. Pursuit direction was calculated by averaging in-
stantaneous direction over the first 100 ms of the movement.

All trials were checked by an operator to assure that saccades were
detected correctly and pursuit onset could be determined unambigu-
ously. Trials where the subject failed to follow instructions (e.g., by sac-
cading accidentally to the launcher target), or where there was excessive
noise in the eye movement trace (such as that caused by a partially closed
eyelid), were rejected. The first trial of every block was also rejected
outright, to preclude possible surprise effects. The total rejection rates
over all subjects and conditions were 4.4% for experiment 1 and 3.4% for
experiment 2.

Data analysis and statistics. For all experimental trials the x- and y-axes
were rotated or inverted as needed, such that the movement direction of
the causal target was always rightward (0°) and the direction of the non-
causal target was always upward (90°). All trials were aligned in time such
that the motion onset time of the reaction target was zero ms. For the
direction analysis (see Results), eye movements were limited to the win-
dow of �100 ms. A single movement was selected to represent each
individual trial, namely the first movement (pursuit or saccade) that
occurred within the window, which served to maximize the number of
data points available. Trials that did not contain any movements in the
range were not included in the analysis.

For the time analysis (see Results), only smooth pursuit was used.
Pursuit movements were less ambiguous than saccades, since they could
only be initiated once during each trial. They were classified as being in
the direction of the causal target if their direction fell within the cone of
0 � 30°, and toward the noncausal target if their direction was within
90 � 30°. Movements which did not fall in either cone were not included
in the analysis.

Statistics were computed on all subjects individually, using a
Bonferroni-corrected � of 0.0063 (0.05/8) for experiment 1 and 0.0045
(0.05/11) for experiment 2, unless otherwise noted. For the direction
analysis, movement counts were compared using a � 2 test (1 degree of
freedom). For experiment 1, three types of hypotheses were tested: first,
whether the counts within a session matched the pC value for that session
(pC � 0.25, 0.5, 0.75). Second, whether the ratio of counts in a session
was equal to the inverted ratio of counts for the corresponding 1-pC
session (pC � 0.25/0.75 and 0.0/1.0). Third, whether the ratio of counts
in a standard session was equal to the ratio of counts in the corresponding
delay session (pC � 0.0, 0.5 and 1.0). Analogous tests were performed for
the data of experiment 2, though there was only one pC value (0.5) along
with the no-tool control condition.

For the time analysis, rank-sum tests were used to test whether the
median latencies toward the causal and noncausal targets were different.
For pC � 0.75 and 1.0, movement latencies in the causal direction were
compared with latencies in the noncausal direction taken from sessions
pC � 0.25 and 0.0, respectively. The reverse analysis was not performed,
due to the generally low numbers of movements toward an infrequent
target. With the delay data (pC � 0.0, 0.5 and 1.0), the following three
additional comparisons were performed: whether the median movement
latencies in the causal direction were the same for standard and delay
sessions, the analogous comparison for the noncausal direction, and a
delay causal versus delay noncausal comparison analogous to the one
performed for the standard sessions. Again, only tests using pC � 0.5
were needed for experiment 2.

Results
All subjects were able to follow the task instructions, although
some had difficulty generating the high-velocity smooth ocular
pursuit necessary to follow the targets and used predominantly
saccades. The rest of the subjects used a combination of smooth
pursuit and saccades. Eye movement traces from typical subjects
performing the experiments are shown in Figure 2. Figure 2A
shows an anticipatory saccade response (filled arrow) toward the
noncausal target, that began just before the launcher target col-
lided with the tool (black dashed vertical line) in experiment 1.
Ultimately, the noncausal target was the one that moved in that
trial (inset). Figure 2B shows an anticipatory pursuit response in
the causal direction (open arrow) for a different subject in exper-
iment 2. The target ultimately moved in the noncausal direction
and the subject had to make a correction.

Initial direction and latency were computed for all pursuit and
saccadic movements (see Materials and Methods) that began af-
ter the onset of launcher target motion. Typical movement dis-
tributions for one subject are plotted in Figure 3. It shows
movements from all trials in experiment 2. The movements are
plotted as latency versus direction and are sorted by type (smooth
pursuit movements in A,B, saccades in C,D) and by condition

Figure 2. Typical eye movement traces during two single trials of experiments one and two.
The solid bars at the bottom of each panel indicate the three phases of the trial (tool visible only,
approach of the launcher target, and movement of the reaction target). Dashed vertical lines
indicate the boundaries of each phase; the dashed horizontal lines indicate zero. The gray
shaded region denotes the 200 ms window centered on the onset of reaction target motion,
used for the direction analysis. For horizontal (H) movements, right is positive; for vertical (V)
movements, up is positive. The small diagrams in the upper-left corner illustrate the stimulus
configuration. The tool is always centered at spatial coordinates 0, 0. A, Anticipatory saccadic
response (filled arrow) toward the noncausal target during a noncausal trial in experiment 1.
The saccade preceded the collision time, when the launcher target contacted the tool. A smooth
pursuit movement was initiated shortly after contact, which included a catch-up saccade. The
other saccades were small refixation movements that occurred when only the tool was visible.
Subject SC. B, Anticipatory pursuit (open arrow) in the causal direction during a noncausal trial
in experiment 2. The subject subsequently made a corrective saccade toward the target. The
launcher excursion interval is slightly shorter than in experiment 1 due to the slightly larger tool.
Subject JI.
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(standard trials in A,C; no-tool trials in
B,D). The reference time 0 indicates the
onset of the motion of the reaction target
(and here, is equivalent to the collision
time when the launcher strikes the tool).

The shaded gray region was defined as
the “predictive zone,” designed to isolate
predictive movements. The lower bound
(�100 ms) was based on the finding that
in humans, for a pursuit task with a pre-
dictable 500 ms fixation interval, anticipa-
tory movements usually began �100 ms
before the onset of target motion (Heinen
et al., 2005). The upper bound (	100 ms)
was based on the finding that human vi-
sually guided pursuit and saccade laten-
cies are normally �100 ms (Krauzlis and
Miles, 1996). The region was a good em-
pirical fit with all of the subjects, since
earlier movements were usually small re-
fixation saccades with a range of direc-
tions, and later movements were mostly
visually guided with directions tightly cor-
related with the causal or noncausal tar-
get. By contrast, movements within the
predictive region showed intermediate
dispersion, being usually in or near the
quadrant defined by the two possible tar-
get choices.

There are several notable features visi-
ble in the data of Figure 3. First, predictive
zone movements were dominated by
smooth pursuit, especially for experiment
2 where they comprised 88.2% over all
subjects and conditions. In experiment 1,
62.3% of predictive zone movements were
smooth pursuit. Broken down differently,
smooth pursuit occurred during the pre-
dictive zone in 73.3% of the trials in ex-
periment 2. A total of 7.7% of trials had a
pursuit movement that began before the predictive zone, 17.9%
had pursuit that began after, and 1.1% had no observable pursuit
response (only saccades). This trend is well represented in Figure
3, A and B. Predictive-zone pursuit was less predominant in
experiment 1, with only 34.6% of trials having it. A total of
4.9% of trials had prepredictive pursuit, 55.6% had postpre-
dictive pursuit and 4.9% had no pursuit, again across all sub-
jects and conditions.

There were also differences in the distribution of saccades
between the experiments. In experiment 1, 20.2% of trials had at
least one saccade in the predictive zone. A total of 23.3% of trials
had prepredictive saccades, 89.4% had postpredictive and 11.4%
had none. In experiment 2, only 9.6% of trials had predictive-
zone saccades; 7.8% had prepredictive, 97.3% had postpredictive
and 4.0% had none. Note that only saccades with directions be-
tween �30 and 120° were included in the tally.

Direction analysis
In Figure 3A there appears to be a bias toward the causal direc-
tion, with more movements clustered around 0° than around 90°.
To quantify the bias, we examined the distribution of movement
directions within the predictive zone. For each trial, a single
movement was selected from inside the zone (pursuit or saccade;

see Materials and Methods). For experiment 1, the directions of
these movements were then plotted as histogram distributions
(Fig. 4A), for all causal probability values. The middle panel rep-
resents the pC � 0.5 data for one subject. Even though both
reaction targets were equally likely to move, a majority of move-
ments were directed in the causal direction. The upper panels in
the figure correspond to higher probabilities of causal target mo-
tion, where predictive movements occurred almost exclusively in
the causal direction. Lower panels show sessions with higher non-
causal probabilities, where the movement distributions shifted to
increasingly favor the noncausal targets.

The movement direction data for all subjects in experiment 1 is
summarized in Figure 4B. Here, the fraction of initial movements
toward the causal target is plotted as a function of ascending proba-
bility that the causal target would move. Individual subjects are
shown as points and the group median is indicated by the solid line.
If the average movement fraction reflected the actual movement
probabilities, it would closely follow the dotted unity line. Instead,
there is a marked deviation toward one at pC�0.5, which represents
the bias toward the causal target. Five of the eight subjects had a
movement fraction significantly �0.5 ( p � 0.0063; Yates’ corrected
�2 test with Bonferroni-corrected �). An additional subject was
marginally significant ( p � 0.05; uncorrected �). A full listing of

A C

B D

Figure 3. Movement initiation times and directions recorded from a single subject (CK) for all trials in a session of experiment
2. Dashed lines indicate the normalized direction of the causal (0°) and noncausal (90°) trajectory, and the gray shaded region
indicates the defined predictive zone. The launch target collided with the tool and the reaction target started moving at time 0.
Note the scale difference between the left and right side panels. A, Smooth pursuit onset times during standard trials. The vast
majority of movements began in the predictive zone. Note that the direction cluster is noticeably closer to 0 than 90°. B, Pursuit
onset times during control (no-tool) trials. The direction bias evident in the standard trials is absent. C, Saccade onset times during
standard trials. Early saccades (��100 ms) were often refixations with randomly distributed directions, while late saccades (�
100 ms) were usually visually guided and directed toward the reaction target. Note that late saccades in the causal direction tended
to begin slightly earlier. D, Saccades during no-tool trials. The early movement bias in the causal direction is no longer present, but
otherwise the pattern of movements is similar to that of the standard trials.
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movement counts and p-values can be found in supplemental Table
1, available at www.jneurosci.org as supplemental material.

As a control, the movement fractions for delay sessions were
also examined. In delay trials there was a 100 ms pause between

the launcher collision and reaction target
motion, sufficient to greatly reduce the
percept of causality (Michotte, 1946/
1963), but the stimulus geometry was oth-
erwise identical. Subject medians are
indicated by the large Xs in Figure 4B. Un-
like the standard sessions, the control
movement fractions did not show a signif-
icant bias toward the causal target (seven
of eight subjects; see supplemental Table
1, available at www.jneurosci.org as sup-
plemental material). A direct comparison
between standard and delay sessions con-
firmed the result: five subjects showed sig-
nificant or marginally significant higher
movement fractions toward the causal
target during standard trials. Thus tempo-
ral proximity, one of the prerequisites of
causality, is necessary for evoking the pre-
dictive direction bias.

When either the causal or noncausal
target moved more than half of the time,
the causal bias was substantially dimin-
ished. For pC � 0.75, only two of six sub-
jects moved toward the causal target
significantly more often than would be
predicted if they were simply matching
the target motion probability of the ses-
sion. An analogous result was obtained for
pC � 0.25, with two subjects moving
more often toward the noncausal target.
In addition, for each subject, the move-
ment fraction toward the causal target at
pC � 0.75 was compared with the fraction
toward the noncausal target at pC � 0.25.
The results were consistent with the first
analysis, with four subjects showing no
significant difference ( p � 0.05), two sub-
jects moving relatively more frequently
toward the causal target and two subjects
toward the noncausal target (supplemen-
tal Table 1, available at www.jneurosci.org
as supplemental material). Overall, for
these probability values the subject re-
sponses were idiosyncratic, showing vari-
ous degrees of influence from causal
induction, block context and individual
cognitive strategies.

For the extreme pC values (0.0 and
1.0), the initial movement directions did
not show evidence of a preference for the
causal target. None of the subjects showed
a significant difference with the delay con-
dition, and the cross-block comparisons
were also not significant (supplemental
Table 1, available at www.jneurosci.org as
supplemental material; it was impossible
to test the movement fraction against the
block percentage directly because one of

the bins would have had an expected count of zero). The certain
knowledge of which target would move was apparently sufficient
to suppress any inclination to follow the other, even if it was
expected in the causal sense. This is not unexpected, given the

A

C

B

Figure 4. A, Histograms of predictive movement direction for all causal target probabilities for a single subject (SC) for experiment 1. A
predictive movement was defined as the first movement (pursuit or saccade) in a trial which occurred in the interval�100 ms around the
onset of reaction target motion, and had a direction within 30° of either the causal or noncausal target. The majority of predictive move-
ments were directed toward the target that was more likely to move in the session. However, a disproportional number of movements
occurred toward the causal target in the equiprobable case (pC�0.5, middle panel). Dotted lines indicate the directions of the causal and
noncausal targets (0° and 90°, respectively). Note that for illustrative purposes, all movements within the interval [�40°, 130°] are shown.
B, Fraction of initial movements directed toward the causal target for all subjects in experiment 1, as a function of the percentage of causal
trials in the session. Individual subjects are shown as symbols. The median across subjects (solid line) lies close to the equal probability line
(dashed) except in the case of pC � 0.5. There is also no causal bias in the medians from the delay sessions (Xs). Filled symbols
indicate significance (black, p � 0.0063; gray, p � 0.05). C, Fraction of initial movements in the causal direction for
experiment 2. All of the fractions indicated by the black bars are significantly �0.5 ( p � 0.0045). The white bars for
subjects GT, SJ and NH were also significant at this level, and the one for subject CK was marginally so ( p � 0.05). The
brackets indicate a comparison between the two conditions (standard vs no-tool control), with asterisks denoting signif-
icance (**p � 0.0045; *p � 0.05). The inset shows for all subjects the distribution of median initial pursuit directions for
standard and no-tool trials. Note the shift toward the causal direction in the standard condition.
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powerful influence of cognitive expectation on eye movements
(Kowler, 1989). However, the movement characteristics from the
pC � 0.0 and 1.0 sessions were not identical, as a subsequent
analysis will show.

Because the launcher target and causal reaction target had
collinear trajectories, planned movements in the causal direction
may have been facilitated simply by motion-sensitive neurons in
the sensory pathway that were activated by the launcher. Experi-
ment 2 was designed to address this. Here, the launcher target
approached the tool at an oblique angle, contributing equal mo-
tion vector components in the causal and noncausal direction of
the reaction target (Fig. 1B). The direction bias results for exper-
iment 2 are plotted in Figure 4C. All 11 subjects made signifi-
cantly more than half of their predictive-zone movements in the
causal direction (black bars).

To rule out the possibility that subjects were simply using
trajectory extrapolation to choose their initial movement direc-
tion, they were all tested on control blocks, which had the same
target geometry and motion characteristics but lacked the tool.
The control data are also shown in Figure 4C (white bars). Al-
though all subjects still showed some preference toward the
causal direction, it was less often significant (4/11 versus 11/11).
In fact, subjects usually initiated a pursuit movement in a direc-
tion intermediate to the two possible reaction target trajectories,
reminiscent of the response to two simultaneously moving tar-
gets (Lisberger and Ferrera, 1997). In 8/11 cases the causal direc-
tion movement fraction was significantly higher in the standard
condition than the no-tool control condition (brackets). Fur-
thermore, the same eight subjects showed a significant difference
in initial movement direction between standard and no-tool
blocks (inset; rank-sum test, p � 0.0045). Thus, trajectory extra-
polation itself is not sufficient to explain the direction bias.

Although both pursuit and saccades were included in the di-
rection analysis, in practice saccades had very little influence on
the results. As stated earlier, experiment 2 was particularly dom-
inated by smooth pursuit, and omitting the saccades made no
qualitative difference (data not shown). Even though saccade re-
sponses were more common in experiment 1, omitting them also
did not change the central result. It did cause a loss of statistical
power (and thus significance) for subjects that frequently made
them, such as FP. Performing the direction analysis using exclu-
sively saccades was not possible for the majority of subjects.

Timing analysis
Reexamining Figure 3, it is apparent that not only a direction bias
was present in the data. In the standard condition, movements
toward the causal target appeared to occur earlier as well. To
quantify this effect, we focused on smooth pursuit, which (unlike
saccades) occurred only once per trial. Pursuit movements were
classified as being directed toward the causal or noncausal target
if they fell within a cone of �30° centered on zero or 90, respec-
tively. Latencies of the two groups were then compared. Figure
5A shows cumulative distribution curves of pursuit onset time in
the standard condition, using the same dataset as Figure 3, A and
B. The median latency toward the causal target was significantly
shorter, by �40 ms in this case (rank-sum test, p � 0.0000). By
contrast, the latency difference in the no-tool condition was not
significantly different (Fig. 5B).

For all subjects, we compared the median latency of move-
ments directed toward the causal target against movements di-
rected toward the noncausal target. The results from experiment
1 are given in Figure 6. Figure 6A shows a scatterplot of latencies
for pC � 0.5. Five of eight subjects are significantly below the

unity line, indicating that movements toward the causal target
occurred earlier (rank-sum test, p � 0.0063). On the other hand,
movements toward the causal and noncausal targets were not
significantly different during delay sessions for the majority of
subjects (Fig. 6B). In addition, movements toward the causal
target during standard sessions were significantly earlier than
those movements in the corresponding delay sessions, in four
subjects (Fig. 6C). Finally, there was some evidence of active in-
hibition in the direction of the noncausal target: half of the sub-
jects moved significantly later toward that target in standard
sessions, compared with the delay trials (Fig. 6D). The full listing
of statistical comparisons can be found in supplemental Table 2,
available at www.jneurosci.org as supplemental material.

To compare latencies for the remaining pC values, the same
method was used as for the direction analysis: movements in
complementary sessions were matched as necessary. For exam-
ple, onset times of movements toward the causal target in a pC �
0.75 session were compared with onset times of movements
toward the noncausal target in a pNC � 0.75 (i.e., pC � 0.25)
session. The pC/pNC � 0.75 comparisons yielded essentially a
negative result, as only two subjects showed significantly earlier
movements toward the causal target (supplemental Table 2,
available at www.jneurosci.org as supplemental material). The

A

B

Figure 5. Cumulative frequency plots of pursuit onset time toward the causal or noncausal
target, with the same data as in Figure 3 (subject CK, experiment 2). The dashed lines indicate
median values. A, Standard trials. Note that movements generally began earlier toward the
causal target. B, No-tool trials. The latency difference is no longer significant.
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result is not unexpected, given the idiosyncratic nature of the
same data revealed by the direction analysis. For pC � 1.0 how-
ever, the results were again strong: every subject but one had
movements toward the causal target that were significantly earlier
than the corresponding movements toward the noncausal target
during the pNC � 1.0 (pC � 0.0) session (Fig. 6E). Moreover, for
pNC � 1.0 six subjects had significantly longer latencies toward
the noncausal target in standard sessions, compared with delay
sessions (Fig. 6F). The results suggest that even if direction is
completely predictable, movements toward causal and noncausal
targets are not identical: additional processing time is needed to
counteract the effect of causal inference.

The time analysis was also performed on the data of experi-
ment 2, where the launcher trajectory was oblique and there was
a single reaction target. For the most part, the results (Fig. 7) were
in agreement with those of experiment 1. In the primary compar-
ison, 9/11 subjects had movements in the causal direction that
had significantly shorter latencies than movements in the non-
causal direction (Fig. 7A). Furthermore, since the two possible

reaction target trajectories were displaced at equal angles relative
to the incoming launcher, it is unlikely that the latency difference
was simply due to a perceived change in motion direction
(Soechting et al., 2005). Removing the tool virtually eliminated
the causal/noncausal latency difference (Fig. 7B). Unlike the first
experiment, the control condition did not have much effect on
movement latencies in the causal direction (Fig. 7C). Finally,
increased latencies in the noncausal direction when the trial con-
text was causal was also observed (Fig. 7D).

As with the direction analysis, variants of the timing analysis
using different intervals or combinations of pursuit and saccades
did not qualitatively affect the results. One such alternate is
shown in Figure 7, E and F. Here, only saccades which occurred
after the end of the predictive interval in experiment 2 were tab-
ulated. The latency result was similar: 7/11 subjects made signif-
icantly earlier saccades in the causal direction during standard
trials (Fig. 7E; cf. Fig. 3C). The difference largely vanished for
no-tool trials (Fig. 7F; cf. Fig. 3D). Thus the effect of causal con-
text on latency is not limited to smooth-pursuit.

A

C

E F 

D

B

Figure 6. Difference in median movement latencies for all subjects, for pC � 0.5 (A–D) and
pC � 0.0 and/or 1.0 (E, F ) for experiment 1. Error bars show interquartile range and filled
symbols indicate significance. The small diagrams next to each axis illustrate the condition
represented by that axis. Note that axes are not identical. A, Causal versus noncausal. The
majority of subjects had shorter latencies toward causally oriented targets, shown by the points
below the unity line. B, Delay causal versus delay noncausal. Without the causal context there
was no consistent difference between response times in the causal and noncausal directions. C,
Standard causal versus delay causal. Subjects had shorter latencies toward the causal target
only when it appeared in a causal context; the latency reduction was eliminated by adding the
time delay after collision. D, Standard noncausal versus delay noncausal. Movements toward
the noncausal target had a longer latency when there was a competing target that could be
interpreted in a causal context. E, Causal during pC � 1.0 versus noncausal during pC � 0.0.
Similar results as for pC � 0.5 (A). F, Standard noncausal versus delay noncausal for pC � 0.0.
Similar results as for pC � 0.5 (D).

A

C

E F

D

B

Figure 7. Difference in median movement latencies for all subjects for experiment 2. Filled
symbols indicate significance (black, p � 0.0045; gray, p � 0.01); other details as in Figure 6.
Note that axes are not identical. A, Causal versus noncausal. All subjects had shorter-latency
movements in the causal direction, shown by the points below the unity line. B, No-tool causal
versus no-tool noncausal. Like the first experiment, without the causal context there was no
consistent difference between response times in the causal and noncausal directions. C, Stan-
dard causal versus no-tool causal. Unlike the first experiment, causal context had little effect on
movement latencies in the causal direction. D, Standard noncausal versus no-tool noncausal.
Also similar to what was observed in the first experiment, movements in the noncausal direc-
tion had a longer latency in the causal context, with the tool present. E, Causal versus noncausal,
restricted to postpredictive saccades. The latency bias for movements in the causal direction was
still present. F, No-tool causal versus no-tool noncausal for postpredictive saccades. As for
earlier movements (B), the causal bias largely disappeared in the no-tool condition.
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Discussion
When a visual stimulus could be interpreted as causal, two prin-
ciple effects were evident in the resulting motor responses. First,
there was a bias toward making anticipatory movements in the
direction of the causal target. Second, there was a tendency for
movements toward the causal target to occur earlier (and con-
versely, for movements toward the noncausal target to occur
later). When a time delay was added that eliminated the percep-
tion of causality the effects disappeared, even though the spatial
configuration of the stimulus was unchanged. The causal bias did
not require the launcher to be collinear with the causal target,
though it did require an interposed tool between them.

Several notable results are worth considering. First, why was
the causal bias not more evident for pC � 0.25 and 0.75 (Fig. 4B)?
For these conditions, it is important to remember that there were
two contexts active simultaneously. In addition to the causal con-
text (i.e., the expectation that the launcher collision would cause
the more logical reaction target to move), there was a probability
context where one reaction target was more likely to move than
the other. Thus subjects effectively had a choice as to which strat-
egy they used for choosing which target to follow first (e.g., prefer
causal target, prefer target that moves more frequently, guess
randomly, guess according to estimate of underlying probability
distribution, etc.). Each strategy would produce its own pattern
of responses, and different subjects appeared to choose different
strategies. Thus the overall effect was inconsistent.

The results for experiments one and two were quite consis-
tent, with one notable exception. In experiment 1, movements in
the causal direction during standard blocks had slightly shorter
latencies than movements in the causal direction during control
blocks (Fig. 6C). In fact, a general criticism of the experiment is
that the collinear motion of the launcher and the causal target
may have caused them to be perceived as a single motion in some
observers (McKee and Welch, 1985). There is also a possibility
that the launcher target activated motion-sensitive neurons in
visual (Sundberg et al., 2006) or frontal cortex (Fukushima et al.,
2002; Barborica and Ferrera, 2003). The subsequent decay of
activation during the time delay would then explain the latency
difference. In the broader sense, if the preactivation enabled
movements to be programmed and executed slightly faster it
would be indistinguishable from the effect of causality, which is
precisely the rationale for performing experiment 2.

By contrast, the standard versus control causal latency com-
parison in experiment 2 yielded no real effect. If anything, laten-
cies in the standard condition were slightly longer than those in
the control condition (Fig. 7C). This may be due to the absent
tool in the control trials, which was otherwise a very salient object
close to the fixation point of the subject. The lack of a fixation
point is known to enhance anticipatory (Boman and Hotson,
1988) and visually guided (Krauzlis and Miles, 1996) pursuit
movements.

The study of predictive eye movements in response to the
viewing of a launcher display yields new insights into the way
causality is perceived when two objects collide. Indeed, it pro-
vides a quantitative measure of causality attribution that does not
rely on a voluntary, conscious report by the viewing subjects. In
the present experiments, subjects did not have to report whether
they perceive a causal relationship or not. Moreover, they had the
choice to pursue one or the other target in experiment 1. There-
fore, using predictive eye movements as a tool, we measured an
implicit response to the viewing of a launcher display, giving the

possibility to directly assess the low-level, automatic nature of
causal inference as suggested by Michotte.

The other important advantage of using predictive eye move-
ments to study causality is that they allow the experimenter to
move beyond the perceptual domain. Previous studies that did
take quantitative measurements of motor actions, such as point-
ing location (Hubbard and Favretto, 2003), look times (Leslie,
1982; O’Connell and Dunbar, 2005) or even basic eye movements
(Hindmarch, 1973), were nonetheless limited in that they con-
sidered causality perception as a post hoc phenomenon. They did
not address the fundamental question of whether humans (or
primates) were able to apply their inherent understanding of cau-
sality, using it to make a predictive movement before the actual
causal interaction took place. Thus we can conclude that causality
is not simply a descriptive phenomenon used to characterize
a particular class of stimuli, but rather a fundamental part of
the cognitive process with the ability to influence predictive
mechanisms.

How might the expectation of a causal interaction facilitate
the generation of eye movements? One possibility is via a spatial
attention mechanism. Spatial attention is thought to enhance the
gain of neurons tuned to a specific location, while suppressing
neurons tuned to other locations (Desimone and Duncan, 1995;
Verghese, 2001). In the current context, the inference of a causal
relationship would enhance attention toward a putative causal
target, since it is expected to move following a collision event.
Concurrently, there would be a negative expectation that an al-
ternative target might move, or that the primary target might
move in a noncausal direction. The opposed expectations could
result in increases or decreases in neural buildup activity, which
could facilitate or retard subsequent movements as was observed
(Figs. 6, 7). Support for the mechanism comes from Blakemore
and colleagues (Blakemore et al., 2001), who found increased
activity in visual-motion processing areas (MT/MST and others)
while subjects viewed causal stimuli, as well as other studies show-
ing that the expectation of upcoming target motion enhances pre-
motor activity (Ferrera and Lisberger, 1997; de Hemptinne et al.,
2008).

David Hume (1739/1987) hypothesized that causality infer-
ence arises from the repeated experience of correlations between
events, such as when one billiard ball moves after being struck by
another. On the other hand, Immanuel Kant (1781/1965) sug-
gested that causality is an a priori category of human understand-
ing, without which it would not be possible to make sense of the
stream of events in the external world. In agreement with the
latter philosophical proposal, experiments carried on by Albert
Michotte and those that followed (Wagemans et al., 2006) sug-
gested that causality perception is an innate, low-level inference
imbedded in our perceptual system (Scholl and Tremoulet,
2000), just like a Gestalt. However, most previous studies of cau-
sality perception using a Michotte display used the verbal reports
of subjects to assess their interpretation of what happened on the
screen facing them. Verbal reports depend on high-level linguis-
tic skills, and consequently are inevitably a subjective high-level
interpretation of what happened at the perceptual level. We sug-
gest that predictive eye movements can circumvent this impor-
tant limitation to causality studies. Together, evidence suggests
that humans can use the concept of causality for more than just
characterizing events in the environment. Indeed, it appears to be
integrated into their internal model of the world, something that
facilitates visually guided actions and allows the prediction of
likely event outcomes.
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