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Catching Balls: How to Get the Hand to the Right Place
at the Right Time

Lieke Peper, Reinoud J. Bootsma, Daniel R. Mestre, and Frank C. Bakker

Information specifying the future passing distance of an approaching object is available (in units
of object size) in the ratio of optical displacement velocity and optical expansion velocity. Despite
empirical support for the assumption that object size can serve as a metric in the perception of
passing distance, the present series of experiments reveals that in catching a ball subjects do not
rely on such "point-predictive" information. The angle at which (real and simulated) balls
approached the subject systematically affected verbal and manual estimates of future passing
distance, as well as the kinematic characteristics of catching movements. To catch a ball, the actor
uses momentary action-related information instead of spatiotemporal estimates. The hand velocity
is geared to information specifying the currently required velocity. This secures ending up at the
right place in the right time, regardless of where this may be.

To be successful in interceptive actions, like catching or
hitting a ball, the movement behavior of the actor has to be
very precisely attuned to the spatiotemporal characteristics
of the event. The timing of interceptive acts is generally
considered to be based on visual information about the time
remaining until the object reaches the observer. In line with
Gibson's (1966, 1979) notion of optical specification of
information, Lee (1976) derived an optical quantity that
specifies this "time-to-contact" (tc), namely, the inverse of
the relative rate of dilation of the ball's optical contour that
is generated in the optic array by the relative approach
between ball and point of observation. This optical quantity,
termed r (tau), specifies the time remaining until the ball
makes contact with the point of observation if velocity of
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approach remains constant. Because accelerative forces are
neglected in this time relationship, Lee and Young (1985)
proposed to denote the physical quantity specified by the
optical variable T as the T-margin (i.e., distance remaining
divided by velocity of approach). The T-margin, of course,
equals the time-to-contact if no accelerative forces are act-
ing on the ball. Several studies indicate the use of r in the
guidance of spatiotemporal acts (e.g., Bootsma & Van
Wieringen, 1988, 1990; Lee, 1976, 1980; Lee, Lishman, &
Thomson, 1982; Lee & Reddish, 1981; Lee, Young, Red-
dish, Lough, & Clayton, 1983; Savelsbergh, Whiting, &
Bootsma, 1991; Stoffregen & Riccio, 1990; Wagner, 1982;
Warren, Young, & Lee, 1986). Moreover, in a study of
visual timing in hitting an accelerating ball, Lee et al. (1983)
provided evidence for the argument that even in this case
the action was geared to the information about the T-margin
(visually accessible through T), rather than to information
about "real" time-to-contact.

To catch a ball, the hand has to move in such a way that
it arrives at the right place at the right time. In most cases,
the flight trajectories involved will not bring the ball di-
rectly to the point of observation. Balls that will eventually
pass the observer on either side may be caught by moving
the hand in a sideward direction. Predictive information
regarding when and where the ball can be intercepted would
allow prospective coordination of the action (Bootsma &
Peper, 1992). With respect to the temporal aspect of such an
action, elaborations on T have demonstrated that optical
specification of the time remaining until a ball reaches any
specified point is in fact available (Bootsma, 1988; Bootsma
& Oudejans, 1993; Tresilian, 1990). When the distance
between the object and the eye remains constant (i.e., if the
optical image size is not changing), time-to-contact is spec-
ified by the relative rate of constriction of the optical gap
between the object and the target position. Empirical results
indicate that in judging time-to-contact between two objects
moving parallel to an observer's fronto-parallel plane, this
optical variable is used indeed (Bootsma & Oudejans,
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1993).1 However, interceptive actions generally deal with
approaches involving expansion of the object's optical con-
tour. In such situations, time-to-contact is not specified by
the rate of constriction of the optical gap, and time-to-
contact judgments are not based on this information quan-
tity (Bootsma & Oudejans, 1993; Tresilian, 1994). In line
with Bootsma's (1988) analytical derivation, recent empir-
ical findings suggest that temporal information is obtained
through a combination of the relative rate of constriction of
the optical gap and the relative rate of dilation of the
object's image (Bootsma & Oudejans, 1993).

We conclude that the proper timing of the hand move-
ment in catching a ball can be achieved by relying on
perceptual information specifying the time remaining. In
addition to this source of temporal information, the actor
needs predictive spatial information. To catch a ball that
will pass at some sideward distance, the observer might use
information specifying this future passing distance. To date,
however, few authors have addressed the predictive spatial
aspect involved (i.e., the prediction of the position at which
the ball can be intercepted).

The few existing studies on predictive spatial information
have been mainly concerned with the specification of direc-
tion of motion. Schiff (1965) demonstrated that fiddler
crabs, presented with asymmetrically expanding shadow
patterns, tended to move at approximately right angles to the
apparent path of approach, and he suggested that the ani-
mals may pick up information concerning the path of ap-
proach as specified by the degree of skew in the optical
magnification pattern. Lee and Young (1985) pointed out
that the displacement of the center of expansion that occurs
when an approaching object will not make contact with the
point of observation can be used to obtain the direction of
motion. Fitch and Turvey (1978) formulated the same con-
cept, but from the perspective of occlusion of background.
Regan (1986) demonstrated that direction of motion is spec-
ified monocularly by the relation between the velocities of
the object's edges. Binocularly, the direction in which an
object is moving can also be perceived on the basis of the
ratio between the velocities of the object's left and right
retinal image (Regan, Beverley, & Cynader, 1979). How-
ever, it is important to realize that direction of motion itself
is not enough to allow prediction of future passing distance,
as the latter requires direction of motion to be combined
with knowledge of the current distance.

Todd (1981) demonstrated the availability of visual in-
formation specifying whether a ball on a parabolic flight
trajectory will eventually land behind or in front of the point
of observation. Although this information does not provide
a useful metric for perception of the future landing distance
relative to the current position of the observer, it does
specify the direction of movement (forward-backward) re-
quired for contact between the ball and the point of obser-
vation to occur. This type of action coordination is closely
related to the strategy proposed by Chapman (1968): Mov-
ing (forward-backward; left-right) in such a way that the
optical displacement velocity of the ball remains constant
will eventually result in a collision between the ball and the
point of observation. In other words, by keeping the optical

velocity of the ball constant, the catcher will end up in the
correct position to catch the ball. Recently, empirical sup-
port for this type of coordination was reported by Babler
and Dannemiller (1993) and Michaels and Oudejans (1992).
Michaels and Oudejans showed that their subjects (softball
players) stuck to such a strategy until just before contact.
During the last 300 ms before the ball was caught, this
strategy was abandoned. In this way, a collision with the
head was avoided and the ball was caught at some distance
from the point of observation. This implies that in addition
to information guiding the catcher's gross movement in
the field, information subserving the hand positioning is
required.

In the present study, we investigated the source(s) of
information used in catching an approaching ball that will
eventually pass at a relatively small sideward distance. One
possible way is to coordinate the action on the basis of
predictive information about the moment and the distance at
which the ball will break the fronto-parallel plane of the
observer. The perception of the time remaining has already
been addressed in the recent elaborations of Lee's T
(Bootsma, 1988; Bootsma & Oudejans, 1993; Tresilian,
1990). In the next section, we derived an optical variable
specifying future passing distance. In the experiments to be
presented thereafter, we investigated the assumption that
predictive information about "when the ball will be where"
is used in the coordination of the catching act.

Optical Specification of Passing Distance

Using the same type of analysis as Todd (1981), an
optical variable specifying future passing distance can be
derived (cf. Bootsma, 1991; Bootsma & Peper, 1992). For
our purposes we chose to denote physical size and distances
by uppercase letters, whereas the corresponding lowercase
letters indicate optical variables. The dot notation is used to
indicate the time derivatives: Velocity is denoted by a single
dot, acceleration by two dots. Because optical variables
associated with one surface can be uniquely transformed
into optical variables associated with any other surface (Lee,
1974; Todd, 1981), the present analysis is performed in
reference to a planar surface parallel to the approaching
object at unit distance from the point of observation, for
reasons of mathematical convenience (Figure 1).

The movement of an approaching object in the X-Z plane
is completely described as follows:

1 In a similar vein, Kaiser and Mowafy (1993) demonstrated that
in the absence of dilation of the object's optical contour the time
remaining until an approaching object breaks the observer's
fronto-parallel plane is judged on the basis of the relative rate of
expansion of the optical gap between the line of sight and the
approaching object (global r; cf. Tresilian, 1991). Global T pro-
vides a rich source of information in situations in which expansion
of the object's optical contour may not become salient until the
object is temporally proximal, for example in navigation through
the environment (Kaiser & Mowafy, 1993).
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Figure 1. Geometrical relations between a moving object and a
projection plane. The object with size R at current distance Z(t) and
sideward distance X(t) is specified by optical sideward distance
x(t) and optical size r(t).
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If a ball is thrown toward the observer, it seems reason-
able, for a first approximation, to neglect the effects of the
air resistance (Z= 0). The position (Xc) where the object will
break the fronto-parallel plane (Z = 0) can be derived from

xc = x - xtc - 0.5x4. (7)

Equation 7 concerns future passing distance in the hori-
zontal (X-Z) plane. Note that this relation can be trans-
formed into the vertical direction (which would be the
K-direction for the reference frame defined in Figure 1,
perpendicular to the page plane) by simply substituting Ffor
X. Accordingly, future passing height (Yc) could be derived.
For our purposes, however, we focus on the horizontal
distance.

If no sideward deviation due to spin is to be considered
(X = 0), Equation 8 can be simplified to

If velocity of approach is constant (Z - 0), tc equals the
T-margin. As discussed in the introduction, interceptive
actions seem to be geared to this T-margin, even when
velocity of approach is not constant. The T-margin is opti-
cally specified by the variable T, the inverse of the relative
rate of dilation of the projected image:

T-margin = — ̂  = - = T. (9)

By substituting Equations 1, 4, 5, and 9 in Equation 8, we
obtain,

x
-
f

which can be rewritten as

Xc x

R~ f
(10)

•"•C "-*c* (8)

Equation 10 shows that the future distance at which a ball,
approaching at a constant velocity, will break the fronto-
parallel plane is optically specified, in units of ball size, by
the ratio of the velocity of the sideward displacement of the
center of expansion x and the rate of expansion of the object
image f. This dimensionless ratio is to be considered a
single informational invariant. It is interesting that the ratio
x/f specifies whether a collision between the object and the
point of observation is imminent, whatever the size of the
object: If the magnitude of x/f falls within the critical range
of -0.5 to 0.5, a collision will eventually occur, because this
implies that the center of the object will pass at a distance
that is smaller than half the object's size.

In the analysis, optical ball size is approximated by using
planar projection of an approaching flat disk, instead of the
visual angle subtended by a spherical ball. This approxima-
tion is reasonable for balls passing at relatively small lateral
distances and, therefore, is suitable for the purposes of the
present study dealing with the information used in catching
balls that pass more or less within reach.

The mathematical analysis demonstrates that an optical
specification of future passing distance (in units of ball size)
is available in principle. In the series of experiments to be
reported here, we investigate whether this potential source
of information is in fact used by the human actor in catching
a ball.

Experiment 1: Ball Size as a Metric

As is evident from Equation 10, the ratio x/f specifies
future passing distance in units of ball size. In other words,
if this optical specification is used, future passing distance
should be scaled to the size of the approaching ball. In
Experiment 1, this hypothesis was tested by introducing
unexpected manipulations of ball size. If the subject would
(mistakenly) scale passing distance to a standard ball size,
unexpected introduction of a larger ball would lead to
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underestimation of future passing distance, whereas a
smaller ball would induce overestimation. Equation 10 al-
lows precise predictions of the magnitudes of these shifts.

We adopted the experimental paradigm for studying the
perception of affordances (cf. e.g., Marks, 1987; Warren,
1984; Warren & Whang, 1987). In this way, a critical
distance can be derived, beyond which an observer judges
the future passing distance of approaching balls to be out of
reach (Bootsma, Bakker, Van Snippenberg, & Tdlohreg,
1992). In the present context, this method was used to test
the hypothesis that the judged critical passing distance is a
function of ball size, provided that the subjects are unaware
of the changes in ball size.

Because the optical quantity x/f is a specification in a
single two-dimensional projection plane, it should be per-
ceivable with one eye. For this reason, observers performed
the judgment task under monocular conditions. Moreover,
in monocular viewing no unambiguous optical information
about object size is available (Regan & Beverley, 1979).

Method

Subjects. Eight naive subjects (five men, three women) were
tested. Their mean age was 27.1 years (range = 21-31), and their
mean maximal sideward reaching distance (defined as half the
distance between the left and right finger tips if the arms are
maximally spread) was 92.2 cm (SD = 3.4 cm). All reported
normal or corrected-to-normal vision.

Experimental set-up. The set-up is schematically represented
in Figure 2. From a rail attached to the ceiling (6.0 m above the
floor) of a large experimentation hall 10 balls were suspended
using fishing line (4.95 m long), with adjacent suspension points
10 cm apart. The first ball hung 0.5 m and the last ball 1.4 m to the
right of the sagittal midline of the observer. Prior to the start of
each block of trials, the balls were pulled up and back to a fixed
beam, 3.2 m in length and 5.1 m above the floor. Before release,
the balls were held in place by means of 10 solenoids on the fixed
beam, separated by 12.5-cm intervals. The solenoids were con-
trolled by an Olivetti M24 microcomputer.

During a block of trials all 10 balls were released one by one in
a randomized order. On release, a ball would fall out of the
solenoid and swing across the room in one arc, reaching its lowest
point of 1 m at a distance of 1.3 m in front of the observer. After
passing through the observer's fronto-parallel plane (at a passing
height of 1.2 m), the ball would be caught on a 4-m-long rod,
positioned 0.7 m behind the observer at a height of 1.7 m. After the
observer completed a block of trials (10 balls), the rod could be
used to pull the balls back up to the fixed beam. Three types of
balls, which differed in diameter, were used: 4.9 cm ("small"),
5.75 cm ("standard"), and 6.9 cm ("large"). All were painted black.
Balls of different diameter did not differ with respect to the flight
time.

To prevent the subjects from looking up to see the position from
which the current ball had been released, they were asked to wear
liquid crystal display (LCD) goggles that could be made to change
from opaque to transparent and back to opaque, with a rise and
decay time of 3-5 ms. To secure optimal synchronization, the
moments of opening and closing of the glasses were also con-
trolled by the Olivetti M24. Total flight time of the ball, measured
from release until passage of the subject's fronto-parallel plane,

Figure 2. Schematic representation of the experimental set-up.
In Experiment 1, 10 balls passed the subject on the right-hand side.
(See text for details.)

was about 1.45 s. During the task, subjects stood on a thin wooden
platform. Their feet were strapped to the platform to insure a
constant, slightly opened stance.

Procedure. The subject was positioned on the platform and
instructed to indicate verbally whether an approaching ball would
be reachable simply by stretching the right arm, without sideward
leaning to enhance maximal reach. The judgment was not to be
accompanied by an actual reaching movement. The subject was
told to look straight ahead.

After a ball was released, the glasses remained opaque for 700
ms. Hereafter, one lense (for the dominant eye only) became
transparent for 600 ms, after which it changed to opaque again,
150 ms before the ball passed the subject.

During each block of trials, the 10 balls passed the subject on the
right-hand side. They were always released in random order. First,
two test blocks were presented in which only standard-sized balls
(5.75 cm in diameter) passed the subjects. In the following exper-
imental blocks, 1 of the alternative balls was presented along with
the remaining 9 standard balls. The position of this odd ball in the
first experimental block was inferred from the judgments made
during the test blocks. The odd ball's position was changed over
the blocks, following the procedure of staircasing (or up-and-down
method, Dixon & Massey, 1969). If the subject indicated that the
ball was reachable, it would be presented one position further to
the right (further away from the subject) in the next block. If it was
judged to be out of reach, it would be presented one position closer
to the subject. In this way the odd ball's positions concentrated
around the critical distance. The total number of experimental
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trials ranged from 15 to 17, leading to a fixed nominal sample size
(15).2 No feedback on the judgments was provided.

Two-minute-long rest periods were administered between
blocks, during which time the balls were pulled up and reposi-
tioned. The subject would simply sit down in a chair, still wearing
the opaque glasses. Halfway through the session, a short break was
given, during which the subject was allowed to take off the
goggles.

A session took about 1.5 hr. Because two alternative balls (small
and large) were to be considered, each subject was tested in two
sessions on different days. The days on which the small or large
balls were presented were counterbalanced over the subjects. After
the second session had been completed, subjects were asked indi-
vidually whether they had noticed the differences in ball size.
None of them responded positively to this question.

Analysis. To obtain the critical passing distance (or 50% point)
at which 50% of the balls were indicated to be no longer reachable,
we used two different analyses. The staircasing method was used
to find the critical distance indicated for the odd balls (Dixon &
Massey, 1969). For each subject the obtained judged critical pass-
ing distances were scaled to maximal reach.

The standard balls were judged twice, once during the session
with the small ball staircase and once with the large ball staircase.
The critical distance for the standard ball was calculated for both
sessions separately. As a consequence of the staircase method, the
standard-sized ball was judged at some distances in every block,
but it was judged a smaller number of times when it appeared near
the critical point observed for the staircasing odd ball. In order to
keep the number of observations equal over the passing distances,
only the first 9 judgments for each distance were considered. For
each subject the passing distances were scaled to maximal side-
ward reach. The percentage of balls judged to be unreachable
typically increased over the range of scaled passing distances
following an S-shaped curve. Therefore, the critical distance was
derived, for each subject, by curve-fitting the reachability scores,
as obtained for the range of scaled passing distances, to a logistic
(or S-shaped) function of the form

100

1 +e-
k(c-*> (i i)

where >• is the percentage judged unreachable, 100 is the maximum
percentage, x is the scaled passing distance, c is the 50% point, and
k is a measure of the slope at this point (Bootsma et al., 1992). The
scaled distance at which 50% of the balls were deemed to be no
longer reachable, c. was regarded as the scaled judged critical
distance.

Results

The observed reachability scores for the standard ball
showed a good fit with the logistic function (Equation 11)
for all subjects in both sessions (R2 ranging from .96 to
LOO).3

The mean scaled judged critical distances obtained for the
four categories (for the small ball, the large ball, and twice
for the standard ball) are represented in Figure 3. An anal-
ysis of variance (ANOVA) with repeated measures for the
factor Ball Size (4), performed on the scaled judged critical
distance, revealed that the between-subject variation ac-
counted for 57% and the factor Ball Size for 37% of the
total variance. The effect of Ball Size turned out to be
significant, F(3, 21) = 41.5, p < .001). Post hoc Newman-

LLJ
N
CO

m

large predicted

large

standard*

standard

smal -

small predicted

0 25 50 75 100 125 150

JUDGED CRITICAL DISTANCE (% REACH)

Figure 3. Mean judged critical passing distance, scaled to max-
imal sideward reach, as a function of ball size (mean SD = 14.0%).
The predicted values were calculated on the basis of Equation 10
and the value obtained for the standard ball. (See text for details.)

Keuls comparison showed a significant difference (p < .01)
between all means except between the two mean scaled
judged critical distances obtained if the standard ball was
presented.

As is evident from Figure 3, the directions of the shifts in
judgment confirmed the hypothesis. Note that overestima-
tion of future passing distance implies that the subject
judged balls that were passing within reach to be unreach-
able. In other words, the judged critical passing distance
was smaller if the future passing distance was overestimated
and larger if the future passing distance was underestimated.

To further test the assumption that the observed shifts in
scaled judged critical distance observed for the odd balls
were due to scaling to the standard ball size, we compared
the data to specific predictions with respect to the magni-
tude of these shifts. Multiplication of the individual values
obtained for the judged critical distance for the standard ball
size with the quotient of odd size and standard size allowed
for the predictions of judged critical distances for both odd
balls. For the small ball, the magnitude of the shift in judged
critical passing distance was predicted to be 16.8% of mean
maximal sideward reach. The observed shift turned out to be
a little smaller on average (13.7%). However, the difference
between the predicted and observed values was found to be
not significant (t[l] - 2.1, p > .05, two-tailed). A similar
result was found for the actual data obtained for the large

2 The number of experimental trials depended on the initial
staircasing trials. The nominal sample size N is the total number of
trials reduced by one less than the number of like responses at the
beginning of the series. Because we intended to keep N constant
(15), the total number of experimental trials varied (15-17), de-
pending on the initial trials.

3 The goodness of fit was determined as R2 = 1 - [(2I>>, -
F(jc,.)l2)/(2ly,-l2)], where v, denotes the actual value and F(*,) the
estimated value, on the basis of the logistic fit.
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ball and the predictions derived for this situation, t(7) -
-1.8,p > .2, two-tailed, although the observed shift (17.5%)
was somewhat smaller than the predicted 22.0%.

In the derivation of Equation 10, the optical variables
were approximated using planar projection of a flat disk
approaching at constant velocity. To investigate the effect of
these approximations, we calculated the visual angle sub-
tended by the spherical ball as a function of time, taking the
changes in velocity during the flight into account (on the
basis of a computer simulation of the ball flight). The
deviations of the values of x/r obtained in this way from
those obtained using planar projections of a disk approach-
ing at constant velocity increase over lateral passing dis-
tance. For this reason, we concentrated on the balls passing
at the largest passing distance (1.4 m). During the viewing
period x/r increased. If this quantity was indeed used in the
prediction of Xc, the predictions would increasingly over-
estimate the passing distance (on the average 9%, SD = 7%).
However, this overestimation and its variability over time
were largely due to the last 150 ms of the viewing period.
During the first 450 ms the mean overestimation was 6%
(SD = 2%). Analysis of the other passing distances revealed
that for the lateral distances up to 1 m the overestimation of
Xc on the basis of the rates of change of the visual angles
was smaller than 5% (time average, SD < 4%). It is impor-
tant to note that the differences in ball size did not affect the
quantity x/r.

Discussion

Both the direction and the size of the effect induced by
introducing alternative ball sizes closely followed the pre-
dictions derived on the basis of the information described in
Equation 10. These converging results support the hypoth-
esis that passing distance is perceived in units of ball size.

The analysis on the effects of the approximations in the
mathematical derivation of Equation 10 revealed that for the
balls passing at lateral distances larger than 1 m, these
approximations had nonnegligible effects during the last
part of the viewing period. However, this cannot account for
the observed ball-size effect, for the analysis revealed no
differences between the different ball sizes in this respect.
We can therefore conclude that the ball-size effect was not
related to the effects of the approximations.

Although reliance on object size may seem to be prob-
lematic at first glance, it is important to realize that size and
distance are optically related quantities. An optically
smaller object might be physically smaller or further away.
In the absence of additional informational invariants, the
only way to estimate distance is by taking the size of the
object into account (cf. Gibson, 1979; Saxberg, 1987b).
Even if the background is textured, knowledge of either the
object's size or the size of the texture elements is required
to make absolute spatial judgments. In a number of situa-
tions (for instance, in ball games), the size of the object is
invariant, which makes the use of object size as a metric for
perception of future passing distance viable in these situa-
tions at least. In free-flight situations the influence of grav-

ity may provide information about absolute distance and
absolute size (Saxberg, 1987a; Watson, Banks, Von Hof-
sten, & Royden, 1992), which is monocularly perceivable.
Moreover, Regan and Beverley (1979) showed that in prin-
ciple the absolute width of an object is available to the
visual system by the combination of changing-size informa-
tion (monocular) and changing-disparity information (bin-
ocular). Perception or knowledge of size is needed to allow
appropriate configuration of the hand(s) prior to contact
required for successful catching (cf. Savelsbergh et ah,
1991).

On the average, subjects overestimated the critical pass-
ing distance in the standard situation (112% of maximal
sideward reach).4 This observation is in line with the results
of Bootsma et al. (1992). In their study, the subjects per-
formed the task binocularly and indicated the critical pass-
ing distance to be at, on the average, 108% of their maximal
reach. An explanation of this overestimation can be found in
an unnatural aspect of the task: The subjects were not
allowed to lean sideward to enhance their reach. With this in
mind, we may conclude that they performed reasonably
well. The observation that similar results were obtained for
monocular and binocular performance suggests that the
estimates of future passing distance in both instances were
based on the same type of information.

Experiment 2a: Passing Distance, Ball Size, and
Angle of Approach

In line with the assumption that future passing distance is
perceived in units of ball size, Experiment 1 demonstrated a
clear effect of unexpected ball-size manipulation. In addi-
tion, the subjects were able to perform the prediction task
monocularly, which suggests that a two-dimensional infor-
mation quantity suffices to estimate future passing distance.
In Experiments 2a and 2b, we address the nature of this
source of information by presenting simulated trajectories in
which the available optical information is reduced to x, r, x,
and r (see Figure 1). If, as we hypothesized, x/r is the optical
quantity used, the simulations should provide sufficient
information to estimate future passing distance.

Simulations like the present are completely ambiguous
with respect to passing distance if both ball size and starting
distance are unknown. Knowledge of the ball size used,
however, is thought to allow correct perception of passing
distance (cf. Saxberg, 1987b). In Experiment 2a, we exam-
ined the assumption that observers can accurately judge
critical passing distance if the size of the ball simulated is
known. We hypothesized that different known ball sizes do
not lead to different judged critical passing distances.

If ball size is known, the optical variable x/f specifies
future passing distance for any approach at constant veloc-

4 The overestimation of reachability was not a consequence of
the mathematical approximations; the analysis on the basis of the
rates of change of the visual angles subtended by spherical balls
indicated that passing distances would have been overestimated,
thereby leading to underestimation of reachability.
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ity. This implies that differences in direction of motion
should not affect the perception of future passing distance.
Consequently, balls that will eventually share the same
sideward passing distance should be judged as such, irre-
spective of approach trajectory. This was the second hy-
pothesis we tested in Experiment 2a.

Method

Subjects. Eleven naive subjects (4 men and 7 women) volun-
teered to participate. Their mean age was 28.3 years (range =
20-41). Mean maximal sideward reaching distance was 83.3 cm
(SD = 3.7 cm). All reported normal or corrected-to-normal vision.

Experimental set-up. The displays were obtained by calculat-
ing the successive optical positions and sizes of the (spherical) ball
on the projection plane, for each given trajectory. These optical
variables were projected on a large screen subtending 60° hori-
zontally x 49° vertically of visual angle, using a video projector
(Electrohome 3001) connected to a high-resolution (1,280 x 1,024
pixels) graphics board (MATROX SMI281). Frame rate was 50
images/s, resulting in smooth apparent motion. Simulated flight
height of the ball was kept constant at 1.6 m.

The simulated trajectories started at an 8-m distance from the
fronto-parallel plane of the observer and the balls approached this
plane following different trajectories. The forward velocity com-
ponent was always 4 m/s and the sideward velocity component
could be either -0.15 m/s or 0.15 m/s, leading to trajectories that
differed, respectively, 2.15° ("inward") or -2.15° ("outward")
from being perpendicular to the fronto-parallel plane (see Figure
4).5 The 12 inward trajectories started at different distances to the
right of the line of sight, ranging from 0.6 m to 1.7 m, separated by
0.1-m intervals. Each inward trajectory crossed the fronto-parallel
plane 0.3 m closer to the line of sight than it had started, which
resulted in 12 passing distances ranging from 0.3 m to 1.4 m.
These passing distances were shared with the 12 outward trajec-
tories, the starting positions of which ranged from 0 m to 1.1 m
sideward distance, also separated by 0.1-m intervals.6

outward
-2.15°

inward
+2.15°

point of
observation

8m

passing distance

Figure 4. Schematic representation of Experiment 2a: two tra-
jectories passing at the same distance.

Four different ball sizes were simulated: 2.5 cm, 5 cm, 10 cm,
and 20 cm (diameters). Each approach was only visible for the first
second.

Procedure. The subject was seated 3.2 m in front of the screen
on a 1-m high chair so that the balls approached approximately at
eye level. The experimenter explained that the presentation of the
simulated ball trajectories would be terminated before the ball
passed the subject. The subject's task was to indicate verbally
whether it would be possible to touch the passing ball by only
stretching the right arm to reach for it and, thus, without sideward
leaning to enhance maximal reach. The judgments were not to be
accompanied by an actual reaching movement.

A session consisted of four blocks, in each of which one of the
four ball sizes was presented. Prior to each block, the subject was
given a full-scale cardboard model representing the size of the
simulated ball. During a block, each trajectory was presented 10
times, resulting in 240 trials per block; the blocks were randomly
ordered. Each block was run in a completely darkened room and
took about 9 min. Between blocks the subject was allowed to take
a short rest. During these breaks the room lights were turned on.
The sequence of the ball size blocks was randomly ordered over
the subjects.

The subjects were tested twice, on different days. On the first
test day a practice block was presented prior to each experimental
block. In these practice blocks the ball to be tested was presented
in 48 trials (24 trajectories x 2 repetitions). As in the experimental
situation, no feedback on the judgments was ever provided.

Results

A preliminary 12 (passing distance) x 4 (ball size) x 2
(angle of approach) x 2 (test day) repeated measures
ANOVA was performed on the percentage of balls judged
to be unreachable. Passing distance turned out to account for
almost 70% of the total variance, between subject variability
for 8%, and the other factors for less than 2.5% each. The
analysis showed significant main effects for passing dis-
tance, F(ll, 110) = 147.8, p < .001; ball size, F(3, 30) =
13.0, p < .001; and angle of approach, F(l, 10) = 35.7, p <
.001. It also showed significant interaction effects for Ball
Size x Angle of Approach, F(3, 30) = 9.0, p < .001; Ball
Size x Passing Distance, F(33, 330) = 7.9, p < .001; and
Angle of Approach x Passing Distance, F(ll, 110) = 3.8,
p < .001. The difference between the test days was not
significant, F(l, 10) = .03, p > .2.

These results showed that the judgments on reachability
were not the same for balls passing at different sideward
distances, indicating that the subjects indeed perceived dif-
ferences in passing distance. Furthermore, the two factors of
interest in this experiment, Ball Size and Angle of Ap-
proach, both showed significant effects, although these were

5 Note that the simulated angles of approach did not deviate
much from being perpendicular to the fronto-parallel plane. There-
fore, it was not possible for the subjects to distinguish accurately
the inward from the outward trajectories when confronted with the
simulated situation.

6 The passing distances, trajectories, and viewing period were
chosen in such a way that the approximation of the optical in-
formation, using planar projections of approaching disks, was
appropriate.
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Table 1
The Average Values (Vs) and Standard Deviations of the Scaled Judged Critical
Passing Distances (Percentage of Maximal Sideward Reach) for Each Combination
of Ball Size (in Centimeters) and Trajectory

Ball size

Trajectory

Outward (-2.15°)
Inward (2.15°)

M

2

V

81.9
70.3
76.1

.5

SD

24.5
21.1
23.1

5

V

93.9
80.1
87.0

SD

20.2
19.9
20.8

V

104.
87
95.

10

.1

.0

.6

SD

20.8
18.7
20.3

' 20

V

99.4
78.6
89.0

SD

20.7
21.4
23.1

M

V

94.8
79.0

SD

22.5
20.5

not expected to occur if the judgments were based on the
information quantity x/f. Because the judgments did not
differ over test days, further analysis was performed without
distinguishing between the two sessions.

The passing distance at which the percentage of unreach-
able judgments reached 50% was taken to be the judged
critical passing distance and determined by fitting each
observer's data to the logistic equation (Equation 11). Note
that a ball may already be judged to be reachable if only the
closest edge can be touched. In the present context, the
judged critical distances were thus indicative of the esti-
mated future passing distance of the closest edge, instead of
the center of the ball. Because the differences in diameter
were considerable (2.5-20 cm), the obtained critical dis-
tance had to be corrected for ball size: The judged critical
passing distance was reduced by half the ball size before it
was scaled to the subject's maximal reach.

For all subjects the data showed good fits with the logistic
function for all conditions (R2 ranging from .92 to 1.00).
The mean scaled judged critical passing distances are pre-
sented in Table I.7 A 2 (angle of approach) x 4 (ball size)
repeated measures ANOVA on scaled judged critical dis-
tance revealed that between-subject differences were sub-
stantial, accounting for 57% of the total variance, whereas
the treatment effects accounted for 22% of the variance. The
factor Angle of Approach turned out to have significantly
affected the estimates, F(\, 10) = 33.7, p < .001. The scaled
judged critical passing distances obtained for the outward
trajectories were significantly larger than those obtained for
the balls moving inward. In addition, a significant ball size
effect was found, F(3, 30) = 5.2, p < .005. Post hoc analysis
(Newman-Keuls, p < .05) revealed that this effect was due
to the 2.5-cm ball giving rise to smaller critical distances
than the other three balls. The interaction effect also was
significant, F(3, 30) -5.1,p< .005. This effect was caused
by the relatively large difference between the critical
distances obtained for the 20-cm ball (Newman-Keuls,
p < .05).

The magnitude of the slope at the critical point of the fit
to the logistic function may provide information about the
subject's confidence in judgment (Bootsma et al., 1992):
The steeper the function, the more certain the subject was.
The slopes obtained for the critical points of the fits were
therefore also analyzed in a 4 (ball size) x 2 (angle of
approach) repeated measures ANOVA. The results showed

that intersubject differences accounted for 12% of the total
variance, and the treatment effects for 10%. No significant
effects were observed.8

Discussion

The first hypothesis examined in this experiment held that
observers can accurately judge critical passing distance if
the size of the simulated ball is known. To this end, the
subjects were informed of the ball size used by means of a
full-scale cardboard model. Contrary to our expectations,
the results indicated an effect on the estimation of future
passing distance induced by differences in the simulated
ball size. The effect of ball size on judged critical passing
distance, however, was solely due to the smallest ball (2.5
cm). It is likely that the projection resolution was not
sufficient to allow adequate simulation of the low rate of
absolute expansion for this small ball. During the display
the projected size increased on the average with 0.01 m/s,
resulting in an average angular rate of change of 0.18°/s. As
a consequence of this low rate of expansion, the projected
ball size (r) was only increased three times during the
display time (1 s). It is, therefore, quite likely that the
subjects had problems with perception of motion in depth.
Because no effect was observed for the other ball sizes, we
assume that the 2.5-cm ball was too small for adequate
motion simulation under the conditions of this experiment.
Therefore, we will not regard this ball-size effect as evi-
dence against the hypothesis that passing distance is per-
ceived in units of ball size. Moreover, the observation that
the other three ball sizes did not lead to differences in
judgment (the subjects being aware of the size of the ball
presented) supported this hypothesis.

The results clearly demonstrated that angle of approach
had an effect on the perception of future passing distance.

7 The scaled judged critical distances obtained in this experiment
were, on the average, smaller than those found in Experiment 1
and those reported by Bootsma et al. (1992). This difference could
be due to the use of simulated approaches or to the subjects' being
seated in this experiment.

8 It should be noted that, although the sample range was chosen
fairly symmetrical around the 50% point, the slopes and their
variability obtained using the logistic fit may be affected by the
small sample size (O'Regan & Humbert, 1989).
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Balls moving outward with respect to the observer were
judged to pass closer by than those moving inward, thereby
leading to a larger scaled judged critical distance for the
former than for the latter. The analysis on the slopes at the
50% point of the logistic fits showed no difference between
the angles of approach. This result implied that the judg-
ments were simply shifted with respect to each other. A
difference in slope would have indicated a difference in
confidence (cf. Bootsma et al., 1992).

Because x/f was the same for each set of two trajectories
sharing a passing distance, the angle of approach effect on
the reachability threshold was at odds with the assumption
that human observers use (only) this optical quantity in their
estimation of passing distance. On what alternative source
of information might their judgments be based? In the
simulations presented in Experiment 2a only four simple
optical variables and, of course, the different possible com-
binations thereof, were available. For each ball size three of
the simple optical variables (r, r, and jc) were the same for
both trajectories converging onto the same passing distance.
Hence, the differences found could be due to variations in
the optical variable that was not the same over these trajec-
tories: optical sideward distance x. We designed Experiment
2b to investigate this possibility.

Experiment 2b: Passing Distance and
Angle of Approach

In Experiment 2b, simulated approach trajectories were
used. The trajectories and approach velocities were chosen
such that the average values of*, x, and r were the same for
the different trajectories sharing a passing distance. If in-
deed variations in the optical sideward distance x had been
the cause of the angle of approach effect on judged critical
passing distance in Experiment 2a, this effect should not
emerge under the present conditions.

Note that the average optical ball size r did vary over the
different trajectories in Experiment 2b. However, the pre-
vious experiment had shown that optical ball size does not
affect the judgment (as long as the ball is large enough for
adequate motion simulation): differences in r do not lead to
differences in reachability judgments, provided that ball
size is known.

Method

Subjects. Eight of the subjects tested in Experiment 2a (four
men and four women) volunteered to participate. Their mean age
was 28.7 years, their ages ranged from 20 to 41 years, and their
mean maximal sideward reach was 84.1 cm (SD = 3.8 cm).

Experimental set-up. The simulations were generated using the
same equipment as in the previous experiment. Only a 10-cm
diameter ball was simulated. The simulated trajectories crossed the
fronto-parallel plane at 10 different passing distances (0.5 m to 1.4
m to the right of the observer; increment: 0.1 m). Each passing
distance was shared by four trajectories that differed in oblique-
ness (-4°, -2.15°, 0°, and 2.15°), resulting in 40 unique trajecto-
ries. The balls following the perpendicular (0°) trajectories always
started at a 6-m distance from the fronto-parallel plane and trav-

+2.15°

point of /_.
observation

6m

passing distance

Figure 5. Schematic representation of Experiment 2b: four tra-
jectories passing at the same distance. The starting distances and
approach velocities of the balls were chosen in such a way that the
initial and final projected sideward distances were equal for all
four trajectories.

eled at 4 m/s. The starting points and velocities of the oblique
trajectories were chosen in such a way that all trajectories con-
verging onto the same passing distance were equal with respect to
the values of x for both starting position and cut-off position
(position in last frame) and, thus, to average optical sideward
velocity x (see Figure 5). Because x/f was the same for all four
trajectories that passed at the same distance, the average value for
f did not differ over these trajectories either. This average rate of
expansion was 0.97°/s, which, according to the results of Experi-
ment 2a, was large enough to avoid an effect due to small values
of f. Display time was reduced to 0.5 s, in order to keep the
differences in x, x, and f, as a function of time, to a minimum.9

Procedure. The procedure was similar to that followed in
Experiment 2a. However, because only one ball size was to be
considered, the 400 trials (40 trajectories x 10 repetitions) were
presented in a single randomized block. A short break was given
halfway through this block. Prior to the session the subject was
notified of the ball size by means of a cardboard model. As in
Experiment 2a, the subjects were tested twice, on different days.
On the first test day, prior to the experimental session, the exper-
imenter explained that the balls came from different distances and
at different velocities, and in a short practice block all 40 trajec-
tories were presented once. Feedback was never provided.

Results

A preliminary 10 (passing distance) x 4 (angle of ap-
proach) x 2 (test day) repeated measures ANOVA on the
reachability judgments revealed that passing distance ac-

9 The passing distances, trajectories, and viewing period were
chosen in such a way that the approximation of the optical in-
formation, using planar projections of approaching disks, was
appropriate.
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counted for almost 70% of the total variance; intersubject
differences accounted for 13% and each of the other factors
for less than 2%. Significant effects were shown to exist for
Passing Distance, F(9, 63) = 62.5, p < .001; Angle of
Approach, F(3, 21) = 29.9, p < .001; and for the interaction
between these two factors, F(27, 189) = 3.4, p < .001.
Performance on the 2 test days did not differ significantly,
F(l, 7 )= 1.8, p> .2.

In line with the results of Experiment 2a, balls that passed
at different distances induced different reachability judg-
ments. Although the direction of motion was not supposed
to influence the estimation now that the optical sideward
distance x was, on the average, the same for trajectories
sharing a passing distance, the significant Angle of Ap-
proach effect indicated the contrary. Because the factor Test
Day showed no significant effect, the following analyses
were conducted without distinguishing between the 2 test
days.

The scaled judged critical passing distances and the
slopes at the 50% points of the fits were obtained in the
same way as in the previous experiments. For all subjects
the data showed good fits with the logistic function, for all
conditions (R2 ranging from .84 to 1.00).

A repeated measures ANOVA with the factor Angle of
Approach (4) on scaled judged critical passing distance
showed that the differences between the subjects were large,
accounting for 63% of the total variance; 19% of the total
variability was explained by the factor Angle of Approach.
The effect of Angle of Approach proved to be significant,
F(3, 21) = 7.4, p < .005. Figure 6 reveals that, on the
average, the scaled judged critical distance increased over
the angles of approach (-4° to 2.15°). Regression analysis
showed a significant linear relation between scaled judged
critical distance and Angle of Approach (R2 = .93).

No significant effects were obtained in a repeated mea-
sures ANOVA with the factor Angle of Approach (4) on the
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slopes at the critical points of the logistic fits, in which
intersubject differences accounted for 16% and the factor
Angle of Approach for 12% of the total variance.

To compare the -2.15° and 2.15° trajectories for both
simulation experiments (Experiments 2a and 2b), we per-
formed a 2 (angle of approach) x 2 (experiment) repeated
measures ANOVA on the critical distances obtained for
these trajectories in Experiment 2b and those obtained for
the 10-cm ball in Experiment 2a for the 8 subjects who had
participated in both experiments. Between-subject differ-
ences turned out to explain 65% of the total variance, and
the treatment effects 21%. The results showed no significant
difference between the two experiments, F(l, 7) = 4.4, p >
.05. The -2.15° and 2.15° trajectories led to significantly
different judged critical passing distances (on the average,
93% and 76% of maximal reach, respectively), F(l, 7) =
111.9, p < .001. No significant interaction effect was found
to exist, F(l, 7) = 2.1, p > .15.

Discussion

Similar to what was found in Experiment 2a, the angle at
which the ball approached was found to affect the percep-
tion of future passing distance. Because no effects on the
slopes at the critical points of the fits were found, we may
conclude that the differences in judgment observed were not
the result of a change in confidence (cf. Bootsma et al.,
1992).

As mentioned before, the observation that the angle at
which the ball approached the observer's fronto-parallel
plane affected the estimation of future passing distance did
not support the assumption that the estimation of passing
distance is based (solely) on x/r. In Experiment 2a, optical
sideward distance x was the only simple optical quantity
that varied over the angles of approach. If the effect of angle
of approach observed in Experiment 2a was due to the
variations in this optical variable, then simulated ball flights
that shared a passing distance and were (on the average)
equal with respect to x, should have been judged as passing
at the same distance. However, the results of Experiment 2b
demonstrated the contrary. Moreover, because neither the
main effect of the factor Experiment nor the interaction
effect turned out to be significant, comparison of Experi-
ments 2a and 2b with respect to the -2.15° and the 2.15°
trajectories indicated that in the two experiments the angle
of approach had induced similar effects on estimation of
future passing distance.

It seems reasonable, therefore, to assume that in both
experiments the angle of approach effect was caused by the
same factor. However, investigation of the variables varying
over the trajectories does not lead to a simple optical vari-
able as a candidate. In each simulation experiment only one
of the four available simple optical variables varied over the
trajectories passing at the same distance: In Experiment 2a
optical sideward distance (x) varied and in Experiment 2b
optical ball size (r) varied. Neither of them alone can
account for the effects. It is possible, though, that the
estimations were based upon the relation between the two.
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The optical quantity x/r specifies momentary sideward
distance (X) in terms of ball size (R). This quantity was
constant and, thus, predictively specifying future passing
distance, only for trajectories perpendicular to the observ-
er's fronto-parallel plane. For an outward moving trajectory,
X (and hence x/r) was always smaller than the future passing
distance (expressed in units of ball size) even though it was
increasing, whereas for inward motion it always was larger
though decreasing. The results showed that subjects tended
to perceive outward trajectories as passing closer by than
inward trajectories. This suggests that their judgments
might have been influenced by the optical quantity x/r.
However, by the end of the display period, the differences in
(x/r) x R were still considerably larger than the observed
differences in judged critical distances. This implies that the
judgments were not simply based upon the last available
information specifying current sideward distance.

As x/r provides instantaneous information, subjects may
be able to use its evolution over time to anticipate passing
distance. The information quantity

Xc d(xlr)
(12)

where d(x/r)/dt specifies the rate of change of x/r over time
and T is the optical variable specifying time-to-contact,
specifies future passing distance of nonaccelerative ap-
proaches at any moment in time. Correct perception of r
leads to Equation 10. Underestimation of time-to-contact,
however, would lead to the qualitative features of the angle
of approach effect observed in Experiments 2a and 2b.
Indeed, a number of studies in which the viewing period
was terminated before the object actually arrived at the
point of observation, demonstrate underestimation of the
time remaining until arrival (e.g., Cavallo & Laurent, 1988;
McLeod & Ross, 1983; Schiff & Detwiler, 1979; Schiff &
Oldak, 1990). This hypothesis, that the angle of approach
effect was due to an underestimation of time remaining, was
addressed in Experiment 3.

Experiment 3: Passing Distance and Estimation of
Time-to-Contact

If, as suggested above, the observed angle of approach
effect was the result of an underestimation of time-to-
contact, this effect will be larger if the time remaining until
the ball passes is larger (cf. Schiff & Detwiler, 1979). To
investigate this prediction, the viewing periods during
which the subject could see the balls and the remaining
time-to-arrival at the fronto-parallel plane were manipulated
in this experiment. In addition, the angle at which the ball
approached the fronto-parallel plane was manipulated.

Alternatively, the angle of approach effect observed in the
two simulation studies (Experiments 2a and 2b) might be
due to insufficiency of the available information. To test
whether the effect found was caused by the fact that the
approaching balls were simulated, we presented real ap-

proaching balls in this experiment. Moreover, subjects per-
formed binocularly.

To get a better picture of the estimations of future pass-
ing distance, the subjects were required to manually indi-
cate this distance. In this way an estimation for each ap-
proaching ball was obtained, resulting in a range of
estimations for each condition, whereas in the previous
experiments only the judged critical passing distance was
available for analysis.

Method

Subjects. Ten subjects (5 men and 5 women) participated
(mean age = 27.4, range = 21-34). All reported normal or correct-
ed-to-normal vision.

Experimental set-up. We used the set-up that was described for
Experiment 1. The subject was positioned 0.7 m further back-
wards, so that the ball reached its lowest point 2 m in front of the
subject's fronto-parallel plane. Flight time until the ball passed the
subject, at 1.4 m height, was about 1.55 s.

The suspension points of the fishing lines that supported the
balls were chosen in such a way that 5 balls would pass the subject
at a distance 0.64 m to the right, and the other 5 at 1.02 m to the
right. Thus, each of the two passing distances was approached at 5
different angles. The angles of approach at the 0.64-m passing
distance were -3.6°, -2.4°, -1.2°, 0°, and 1.2° relative to the
perpendicular to the fronto-parallel plane. The trajectories passing
at the 1.02-m distance were the mirror images of these angles:
-1.2°, 0°, 1.2°, 2.4°, and 3.6°. In this way the total range of angles
of approach was -3.6° to 3.6°.

To control the viewing periods, the subject wore the LCD
goggles, which could be made to change from opaque to transpar-
ent and back to opaque. The glasses and the release mechanism of
the balls were both controlled by a single Olivetti M24 microcom-
puter to secure optimal synchronization.

Indications of future passing distance were scored using a mea-
surement construction, which consisted of a handle attached to a
rail. This handle could be moved freely to the right to any position
within a range of 2.5 m. The final handle position could be
obtained from a ruler attached to the rail.

Procedure. The subject was positioned at a predetermined
starting point, holding the positioning handle in the right hand
(also at a fixed position), and was instructed to move the handle to
the position that corresponded with his or her estimation of the
distance at which the ball passed. After each trial the subject was
escorted back to the initial position and the ball was thrown up and
repositioned. Feedback was not provided.

Three viewing periods were used: 500-800 ms ("early"), 900-
1,200 ms ("late"), and 500-1,200 ms ("long") after ball release.
During these periods both glasses were transparent, thus allowing
binocular vision. Average angular expansion rate was 0.437s in
the early condition and more than 17s in the other two.10

During a block of trials all 10 balls were released one by one in
a randomized order. For each viewing condition three blocks were
presented (30 trials total) as subsessions. The viewing sessions
were semicounterbalanced over the subjects. Between the subses-
sions the goggles were removed and the subject could rest. Prior to

10 The passing distances, flight trajectories, and viewing periods
were chosen in such a way that the approximation of the optical
information, using planar projections of approaching disks, was
appropriate.
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the first block, the subject was acquainted with the task through a
series of 10 practice trials. The experiment took about 75 min/
subject.

Results

The constant error (CE; in centimeters) was determined
for every condition for each subject, calculated over the
three replications. In all cases the passing distances ap-
peared to be, on the average, overestimated.

First, the CEs for the three angles of approach (-1.2°, 0°,
1.2°) that were common to both passing distance conditions
were analyzed in a repeated measures ANOVA with the
factors Viewing Period (3), Passing Distance (2), and Angle
of Approach (3). Between-subject differences were substan-
tial (74% of the total variation), whereas treatment effects
accounted for only 5.4% of the total variability. Neverthe-
less, the main effect for the factor Angle of Approach was
found to be significant, F(2, 18) = 6.5, p < .01. The CEs
increased over the range of Angles of Approach (from -1.2°
to 1.2°: 13.1, 14.6, and 18.7 cm).

The Viewing Period x Passing Distance interaction was
also found to be significant, F(2, 18) = 5.6, p < .05. Post hoc
Newman-Keuls comparison showed that this effect was
solely due to the estimates made for the 1.02-m passing
distance in the early viewing condition (p < .01). In this
situation the mean CE was significantly smaller than in all
other situations. The factor Viewing Period itself did not
reach significance, F(2, 18) = 2.5, p > .1.

Second, a 3 (viewing period) x 5 (angle of approach)
ANOVA on the CEs observed for the trajectories passing at
the 0.64-m sideward distance was performed. Again, inter-
subject variation turned out to be large (70%). The treatment
effects accounted for 13% of the total variance. The angles
of approach significantly affected the judgments, F(4, 36) =
9.6, p < .001. The mean CE showed a linear increase over
the angles of approach (CE = 17.2 + 2.2 x angle; R2 = .99).
The Angle of Approach x Viewing Condition interaction
was also found to be significant, F(8, 72) = 2.3, p < .05. For
each viewing period considered individually, the Angle of
Approach had a linear effect on mean CE. This increase was
by far the strongest if the ball was visible early in its flight,
whereas the other two viewing conditions did not differ
much in this respect, as can be seen in Figure 7A. The factor
Viewing Period approached significance, F(2, 18) = 3.0,
p<.l.

The last 3 x 5 ANOVA addressed the judgments obtained
for the trajectories passing at the 1.02-m sideward distance.
As in the former two analyses, between-subject variation
accounted for most of the total variability (80%); treatment
effects accounted for 9% of the total variance. The effect of
angle of approach was significant, F(4, 36) = 15.9, p< .001,
resulting from a linear increase in mean CE over the angles
of approach (CE = 14.1 + 2.9 x angle; R2 = .94, see Figure
7B). The effect of the viewing period again approached
significance, F(2, 18) = 2.8, p < A.

Discussion

As was observed in the simulated situations of Experi-
ments 2a and 2b, angle of approach was found to have a
strong effect upon the estimation of future passing distance
in Experiment 3. Note that, because the subjects were judg-
ing future passing distance instead of reachability in this
experiment, the increase in judged passing distance as a
function of angle of approach reflected an effect similar to
that indicated by the decreasing judged critical distance in
the reachability studies.

In the present experiment, the subjects performed binoc-
ularly in a real approach situation; thus, it is very unlikely
that the angle of approach effect was due to insufficient
information. The similarity between the present results and
those of the simulation studies suggested that even if sub-
jects performed binocularly they relied on optical informa-
tion such as angular size, angular position, and their deriv-
atives, in estimating future passing distance.

The effect of the viewing period was not very clear-cut.
The main effect of this factor showed a tendency toward
significance, but it never reached the .05 significance level.
The predicted interaction effect between viewing period and
angle of approach was found in two of the three analyses.
The increase in CE as a function of angle of approach was
stronger if the early part of the trajectory alone was visible.
In other words, the angle of approach effect was the stron-
gest if time-to-contact was the largest. If the angle of
approach effect was caused by an underestimation of time-
to-contact, this is what we would expect to find.

The slopes of the linear fits to the observed mean CEs as
a function of angle of approach did not differ much for the
late and long viewing conditions (see Figure 7). Because the
time remaining until contact after the display was equal in
these two conditions, this finding also was in line with the
hypothesis that the angle of approach effect was due to
underestimation of time remaining.

Hence, the results of Experiment 3 provided some support
for the hypothesis that the angle of approach effect was
caused by underestimation of time-to-contact. However,
because the expected interaction effect between angle of
approach and viewing condition was not observed for the
estimates obtained for the balls passing at 1.02 m, the results
were not completely unproblematic with respect to the
hypothesis. Further experimentation was required to unravel
the role played by the estimation of time-to-contact in the
demonstrated effect of angle of approach.

Experiment 4: Time-to-Contact Is Not
Underestimated!

The rationale behind Experiment 3 was that the angle of
approach effect could be due to underestimation of time-to-
contact. Although the results pointed in this direction, how-
ever, they were not completely convincing. A new experi-
ment was designed to further explore the relation between
estimation of time-to-contact and estimation of future pass-
ing distance. In this experiment, the subjects were required
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condition. A: Results when the passing distance was 0.64 m (mean SD = 25.1 cm); B: Results when
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to try to really catch approaching balls, while angle of
approach and the time remaining from the end of the view-
ing period were manipulated. Analysis of both the moment
at which the hand was closed (indicating the moment of
intended catch) and the hand position at this moment, was
expected to reveal the relation between the spatial angle of
approach effect and expected temporal effect of the time
remaining until contact. On the basis of the assumption that
the angle of approach effect was due to underestimation of
the time remaining, it may be predicted that the magnitudes
of these two effects are positively related.

In order to distinguish between a spatial and a temporal
aspect of the task, the hand was constrained to move parallel
to the observer's fronto-parallel plane. This implies that for
each approach condition the combination of hand position

and catching moment required for a successful catch was
known a priori.

Method

Subjects. Ten right-handed subjects (3 men and 7 women)
participated. Their mean age was 26.1 years (range = 19-38). All
reported normal or corrected-to-normal vision.

Experimental set-up. The apparatus used in Experiments 1 and
3 was used. Only six trajectories were presented. Two balls ap-
proached perpendicular (0°) to the subject's fronto-parallel plane,
passing at either 0.40-m or 0.77-m distance to the right of the
subject (at a height of 1.6 m). The latter passing distance was
shared by the four other balls, approaching at angles of -2°, -1°,
1°, and 2°. The balls traveled a distance of 7.23 m, with a flight
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time of 1.623 s. The differences in angle of approach were too
small to affect the duration of the ball flight. The lowest point
(1 m) was reached at 2.34 m in front of the subject.

The moment of the hand closing was determined by means of an
optoreflector (sampling rate 200 Hz), which was positioned at the
end of a thin metal support (6 cm long). This support was attached
to the subject's hand in such a way that reflection of the middle
finger was maximal if the hand was fully opened and minimal if it
was closed. To enhance reflection the subject wore white vinyl
gloves.

The hand movements were registered using a Multi Infrared
LED (light-emitting diode) Control Unit (MILCU; Den Brinker,
Krol, & Zevering, 1985), consisting of a microcomputer (Olivetti
PCS 286) coupled to a Selcom 413-3 camera. An infrared LED
was positioned near the middle of the hand (at the dorsal side of os
metacarpale II near the m.c.p.-joint), in such a way that it was
visible for the camera hanging above the subject. The position
signal was sampled at 200 Hz.

To control the viewing period, the subject wore LCD glasses.
The release mechanism of the balls, the LCD goggles, and the
optoreflector were all controlled by the microcomputer belonging
to the MILCU system to secure optimal synchronization (using the
FAMS-lab system; Den Brinker & Coolen, 1993).

In their catching action, the subjects moved the right hand along
a horizontal bar. In this way the hand movements were constrained
to the sideward direction at the correct catching height.

Procedure. In the experiment, the subject stood at a designated
position holding the right hand a little in front against the bar. The
instruction was to catch the approaching ball by moving the hand
along the bar. The subject was allowed to make sideward steps if
desired. Flight time in all trials was equal; the experimenter pre-
vented the subject from anticipating the moment at which the ball
would pass by varying over trials the time between the verbal
indication to the subject that the ball was going to be released and
the moment that this actually happened.

The subjects performed binocularly. The viewing period, which
lasted for 300 ms, was presented at three different moments during
the flight time: 500-800 ms ("early"), 800-1,100 ms ("middle"),
and 1,100-1,400 ms ("late") after ball release." Hence, the time
remaining until the ball passed the subject was 823 ms, 523 ms,
and 223 ms, respectively. The resulting 18 conditions (3 viewing
conditions x 6 trajectories) were all presented five times in a
randomized order (90 trials total). Halfway through the experi-
ment, the subjects were allowed a short rest, during which the
glasses were taken off. Running the experiment took about 75
min/subject.

Prior to the experiment, the subject caught 10 balls without
wearing the glasses. The trajectory used in this instance ap-
proached at an angle of 0°. (The subject stood at a position other
than that in the experimental trials.) Next, he or she put on the
LCD glasses. A sample of 9 selected experimental trials (3 viewing
conditions x 3 trajectories) was presented once for practice.

Analysis. The data obtained for the ball approaching perpen-
dicular to the fronto-parallel plane at 0.4 m (the distance that was
not shared by the oblique trajectories) were not analyzed, because
they only served to keep the subject from noticing a single passing
distance. The moment of maximal closing velocity of the hand was
taken as the measure of the moment of catch (cf. Savelsbergh et al.,
1991).

The MILCU data were filtered (10 Hz, recursive second-order
Butterworth filter). From the optoreflector data the moments of
maximal closing velocity were obtained. The hand positions at
these moments were derived from the MILCU data. For each
condition and for each subject, the CE of the hand position with

respect to the target passing distance was determined as well as the
mean moments of maximal closing velocity.

Results

A 3 (viewing period) x 5 (angle of approach) ANOVA
with repeated measures on the CE in the position of the
hand at the moment of maximal closing velocity revealed
that between-subject variation accounted for 24% of the
total variation and the treatment effects for 51%. Both
factors and the interaction between them revealed signifi-
cant effects; for Viewing Period, F(2, 18) = 19.1, p < .001;
for Angle of Approach, F(4, 36) = 35.8, p < .001; and
for Viewing Period x Angle of Approach, F(8, 72) = 8.0,
p< .001.

The mean CE changed as the viewing periods were pre-
sented later (tc from 823 ms to 223 ms: -19.0, -7.0, and
-2.3 cm, respectively). This change in CE reflects the fact
that the hand positioning became more accurate as the time
remaining until the ball passed, after the glasses had turned
opaque again, was smaller.

The mean CE increased linearly over the range of angles
of approach (from -2° to 2°: -14.7, -11.1, -8.3, -7.6, and
-5.5 cm; CE = -9.4 + 2.2 x angle; R2 = .95). In Figure 8 the
mean CE is presented as a function of angle of approach for
each viewing period separately. Post hoc comparison (New-
man-Keuls, p < .05) indicated that only the late viewing
period did not reveal any significant differences over the
presented angles. The three values found for the 0° trajec-
tories did not differ significantly from one another.

A 3 (viewing period) x 5 (angle of approach) ANOVA
with repeated measures performed on the moment of max-
imal hand closing velocity showed that intersubject varia-
tion accounted for 32% and the treatment effects for 11 % of
the total variation. No significant effects were found to
exist, although the factor Angle of Approach tended toward
significance, F(4, 36) = 2.5, p < .06. However, this effect
turned out not to be systematic, as can be seen in Table 2.12

Discussion

The results of the ANOVA on the CE in the hand position
at the moment of catch revealed that, in the spatial domain,
the observations are similar to the effects described previ-
ously. The fact that the viewing moment did not have a
significant effect upon the moment of maximal hand-clos-
ing velocity, however, implied that time-to-contact was not
underestimated. Thus, this observation contradicted the hy-
pothesis that the angle of approach effect was due to un-
derestimation of time-to-contact.

1' The flight trajectories and viewing periods were chosen in
such a way that the approximation of the optical information, using
planar projections of approaching disks, was appropriate.

12 Table 2 shows that, although no significant differences be-
tween the viewing periods were observed, the variation in the
"early" condition was larger than in the other conditions. This
difference may reflect a difference in certainty about time-to-
contact when the time remaining was large.
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In the preceding four experiments, using both simulations
and real approaches, the angle at which the ball approached
the subject's fronto-parallel plane was found to have a
significant effect upon the judgment on passing distance.
The results of Experiments 2a and 2b indicate that this
effect might have been related to the optical variable x/r. It
was hypothesized that the subjects used this quantity's
evolution over time in their estimation of future passing
distance, and that the observed effect was caused by under-
estimation of the time remaining until the ball passed.
However, although the angle of approach effect was the
largest if the time remaining was the largest (Experiments 3
and 4), the effect was not due to underestimation of this
time-to-contact, as was demonstrated in Experiment 4.

We therefore conclude that neither of the two proposed
sources of optical information (Equation 10 and Equation
12) were used in the estimation of future passing distance.
The results of the two simulation studies (Experiments 2a
and 2b) suggested nevertheless that the optical quantity x/r
played a role in these estimations, although the subjects did

not simply rely on only this source of information. This
variable specifies momentary sideward distance in units of
ball size, and, thus, does not predict future passing distance.
In the last experiment to be presented (Experiment 5), we
investigated the possibility that subjects depend on an in-
stantaneous source of information relating to momentary
sideward distance, instead of information specifying a fu-
ture position.

Experiment 5: Continuous Guidance of the Lateral
Hand Movement

In Experiments 2-4, we found that the manipulation of
angle of approach always affected the prediction of future
passing distance. The angle of approach effect was larger if
the period between the moment that the ball was no longer
visible and the moment that it broke the observer's fronto-
parallel plane was larger (Experiments 3 and 4). However,
this effect was not due to an underestimation of the time
remaining, as was demonstrated in Experiment 4.

Table 2
Moment of Maximal Closing Velocity of the Hand (V), Averaged Over 10 Subjects, for
Each Combination of Time-to-Contact (tc; in Milliseconds) and Angle of Approach

Angle of approach

-2°

'c

823
523
223

Mean

V

1,717
1,668
1,650
1,678

SD

149
80
44

101

-1

V

1,757
1,682
1,665
1,701

O

SD

152
56
37

101

0°

V SD

1,683 95
1,660 57
1,665 49
1,669 68

1°

V

1,699
1,639
1,673
1,670

SD

84
54
52
67

2°

V

1,705
1,664
1,674
1,681

Mean

SD

139
55
65
92

V

1,712
1,663
1,665

SD

124
60
49

Note. The balls passed the subject at 1,623 ms.
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A possible explanation of the results reported thus far is
that in interceptive actions subjects do not really predict
passing distance, but use a more continuously adapting
strategy. The last experiment was carried out to examine
this possibility. Analysis of the movement trajectories of the
hand in catching actions was thought to reveal whether
predictive information about the required future position is
used in order to coordinate the action. If the subjects rely on
such information, the movement trajectories will not be
different for balls that pass at the same distance, but ap-
proach at slightly different angles. If, however, the action is
geared to information relating to the instantaneous sideward
distance of the ball, we expect that different angles of
approach will affect the movement pattern of the hand. To
test this hypothesis, we asked subjects to catch balls as the
complete ball flight was visible. The angle at which the balls
approached was manipulated.

Method

Subjects. Five subjects (4 men, 1 woman) volunteered to par-
ticipate (mean age = 27.6 years; range = 25-30). All reported
normal or corrected-to-normal vision.

Experimental set-up. The set-up used was identical to the one
described in Experiment 4. Only two changes were made: The
subject did not wear the LCD glasses, and only the five balls
approaching the same passing distance were used.

Procedure. The subject was instructed to catch the approach-
ing ball with the right hand, by moving the hand along the
horizontal bar. The total flight trajectory was visible. The subject
was standing at a designated point, holding the hand at a specified
position. Two blocks of trials were presented in which the passing
distance was either 55 cm ("close") or 75 cm ("far") to the right of
the initial hand position; these were semicounterbalanced over the
subjects. The different passing distances were made possible sim-
ply by changing the position of the subject. During each block of

trials all five balls were presented five times each, in a randomized
order. The rare trials in which the subject did not catch the ball
were repeated. Only the registrations of successful catches were
saved. Running the experiment took about 30 min/subject.

Results

From the filtered (10-Hz, recursive second-order Butter-
worth filter) MILCU data (hand position as a function of
time) and the optoreflector data (used to determine the
moment of catch), the following dependent variables were
derived (cf. Figure 9): (a) moment of initiation of the hand
movement (rinj), (b) moment of maximal hand velocity
(7"max vel), (c) position of the hand at the moment of maximal
hand velocity (Pma^ vei), (d) magnitude of the maximal hand
velocity (Vmax), (e) magnitude of the hand velocity at the
moment of catch (Vcatch). For each dependent variable a
repeated measures ANOVA was performed on the means of
the five trials per subject per condition, with the factors
angle of approach (5) and passing distance (2). The mean
effects of angle of approach and passing distance are pre-
sented in Figure 10.

Movement initiation (Figure 10A). The moment of ini-
tiation of the hand movement was found to be affected only
marginally by the angle of approach, F(4, 16) = 2.6, p < .08,
whereas passing distance turned out to have a significant
main effect, F(l, 4) = 11.4, p < .05. The interaction between
angle of approach and passing distance was not significant.
When the ball would arrive at the further passing distance,
subjects initiated their hand movement earlier. A linear
regression analysis on the marginal mean effect of angle of
approach revealed that the subjects tended to initiate their
hand movement earlier if the balls moved inward (positive
angle; rini = 637 - 18 x angle; R2 = .71).

-59

900 700 500

time before catch (ms)

100 f -100
Tcatch

Figure 9. Two typical examples of the sideward velocity of the hand as a function of time. The
thin line represents the velocity of the hand catching a ball on the 2° (inward) trajectory. The thick
line represents the hand velocity obtained when the ball moved outward (-2°). In both cases the ball
passed at 55 cm ("close"). Three dependent variables used in the movement analysis are indicated.
(Tini = moment of movement initiation; Vmax = maximal hand velocity, Vcatch = velocity of the hand
at the moment of catch.)
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Figure 10. Mean effects of the two factors, angle of approach and passing distance, on the
dependent variables moment of movement initiation (A; in milliseconds after ball release; mean
SD = 84 ms); moment of maximal hand velocity (B; in milliseconds after ball release; mean SD =
160 ms); hand position at the moment of maximal hand velocity (C; distance in centimeters from
the future passing distance, which was defined as 0 cm; mean SD = 10.7 cm); magnitude of the
maximal hand velocity (D; mean SD = 27.5 cm/s); and magnitude of the hand velocity at the
moment of catch (E; mean SD = 47.1 cm/s). Deg = degree.
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Moment of maximal hand velocity (Figure 10B). The
time after release of the ball at which the maximal hand
velocity was attained was found to be significantly affected
by the angle of approach, ,F(4, 16) = 5.4, p < .01, whereas
passing distance did not influence this variable. The inter-
action between angle of approach and passing distance did
not show a significant effect, either. A linear regression
analysis on the mean effect of angle of approach revealed
that the maximal velocity was attained earlier for inward
moving balls (rmaxvel = 1,404 - 40.5 x angle; R2 = .91).

Hand position at the moment of maximal velocity (Figure
IOC). The position of the hand at which maximal hand
velocity was attained was found to be independent of the
angle of approach, whereas passing distance had a signifi-
cant main effect, F(l, 4) = 25.4, p < .01. No interaction
effect was observed. Inspection of Figure IOC reveals that
maximal hand velocity occurred at a larger distance from
the future passing point if the ball passed at a larger
distance.

Maximal hand velocity (Figure 10D). The main effect
of angle of approach on maximal velocity tended toward
significance, F(4, 16) = 2.7, p < .07. Passing distance did
not affect this variable and the interaction was also nonsig-
nificant. A linear regression analysis on the marginal effect
of angle of approach, averaged over the subjects, demon-
strated that maximal velocity was smaller if the balls were
moving inward (Vmax = 131 - 5 x angle; R2 - .95).

Hand velocity at the moment of catch (Figure WE). The
velocity of the hand at the moment of catch turned out to be
significantly affected by the angle of approach, F(4, 16) =
24.8, p < .001, whereas the main effect of passing distance
was nonsignificant. The Angle of Approach x Passing Dis-
tance interaction, however, was significant, F(4, 16) = 3.1,
p < .05. Linear regression analyses on the mean effect of
angle of approach performed for each passing distance
separately revealed that the hand velocity at the moment of
catch was smaller for the inward moving balls and that this
effect was stronger for the further passing distance. For the
close condition, the best fit line was described by Vcatch =
84 - 12 x angle (R2 = .74) and for the far condition by
Vcatch = 85 - 15 x angle (R2 = .84).

Discussion

All in all, it is clear that, notwithstanding the fact that in
all trials analyzed the subject actually caught the ball, the
movement patterns produced varied considerably for the
different angles of approach, even though they led to the
same final position. Hence, it must be concluded that the
subjects did not first estimate future passing distance, and
then programmed their movement response.

The movement characteristics obtained seem to be related
to the momentary sideward distance of the ball. For outward
moving balls the sideward distance was smaller initially and
then increased, which was reflected in the fact that the hand
movement was initiated later, maximal velocity was higher
and observed later, and the velocity at the moment of catch
was higher. For inward moving balls the reverse was true

(see Figure 9). These findings suggested that the movements
were continuously tuned to the information about instanta-
neous sideward distance of the ball.

If subjects do not move their hands to an estimated future
passing distance but rather continuously guide their hand
movement on the basis of a source of momentary perceptual
information, a possible way to coordinate this movement is
to regulate the sideward velocity of the hand on the basis of
the distance between the instantaneous sideward position of
the ball (Xb) and the current position of the hand (Xh), and
the time remaining until the ball breaks the plane of hand
movement. The position of the ball is specified by x/r x R
and time-to-contact by the optical quantity T. The move-
ment velocity required to be at the correct position at the
moment the ball passes is specified by the relation

(13)

The right-hand side of Equation 13 represents an intermodal
information quantity that is perceptually available: Xb (in
units of ball size) and r are optically specified, whereas
kinesthetic information specifies Xh (which may be supple-
mented by optical information if the hand is in sight). Note
that, since the movement starts with a zero velocity it is
impossible to regulate the hand velocity correctly right from
the start.

A computer simulation of the ball's motion provided
momentary sideward ball positions during the approach
(Xbs), which were used to investigate this explanation. In-
spection of the data revealed that in 98% of the trials the
subjects succeeded in establishing the suggested relation
between the perceptually available momentary information
and their movement velocity. Figure 11 represents a typical

100-.
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Figure 11. The difference between distance to be traveled (Xb-
Xh) and the distance that will be traveled ([dXh/dt] x T) as a
function of time-to-contact, as obtained for a typical trial. The ball
approached at an angle of 1°. Beginning at about 450 ms before the
ball passed, the movement velocity was adjusted in such a way that
the correct distance would be traveled within the remaining time.
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example, which shows that some 450 ms before contact the
difference between Xb - Xh and Xh x T stabilized around 0
cm. Hence, from this moment onward the difference be-
tween the distance to be traveled (Xb - Xh) and the distance
that would be traveled (Xh x T) was 0. In other words, this
strategy ensured that the hand would be at the right place in
the right time. It is important to realize that in order to
maintain this constant relation, movement velocity had to be
adjusted all the way through, because the distance to be
traveled and the time remaining to accomplish this were
changing at different rates.

The initial hand velocity was zero, and so it could be
predicted that the relationship expressed in Equation 13
could be established earlier if the initially required hand
velocity was lower. This required velocity was initially
lower for the outward moving balls. Hence, angle of ap-
proach may be expected to have influenced the moment at
which the hand velocity met the requirements. A repeated
measures ANOVA with the factors passing distance (2) and
angle of approach (5) on the time before contact (tc) at
which this relationship was established, revealed a signifi-
cant effect of angle of approach, F(4, 16) = 3.3, p < .05. No
other significant effects were found to exist. Over the range
of angles from outward to inward motion, it appeared to be
established later (fc was smaller; for -2° to 2°: tc is 408 ms,
363 ms, 379 ms, 355 ms, and 302 ms). This effect reflected
the fact that for outward motion the initial required velocity
was lower, so that the requirement could be met earlier
(larger tc).

In addition to the moment (and, thus, the time remaining)
at which the velocity relationship specified in Equation 13
was established, the distance to be traveled at this moment
was examined. A similar ANOVA on the sideward distance
between the ball and the hand (Xb - Xh) at this moment
showed a significant effect for the factor Passing Distance,
F ( l , 4) = 16.0, p < .02. If the ball passed at a larger distance
the required velocity was obtained at a larger difference in
sideward distance (far: 39.3 cm; close: 32.1 cm).

These two results fit in with the hypothesis that the
movement of the hand was regulated continuously on the
basis of the information described in Equation 13.

If in the catching action the hand velocity was indeed
regulated on the basis of the information presented in Equa-
tion 13, the movement characteristics would be captured in
computer simulations based on this relationship. To this
end, the hand movement velocity was simulated on the basis
of the simple model:

Xh =
X h -X h

where a(f) is an activation function, specified by

t"

with incorporation of a perceptuomotor delay (100 ms), the
simulations reproduced many of the characteristics ob-
served in the hand movement velocity pattern.

All but one of the effects of angle of approach, discussed
above, were qualitatively captured by the simulated move-
ment patterns. In line with the experimentally obtained
patterns, the simulated patterns showed, for the range of
angles of -2° to 2°, a decrease in the period between ball
release and hand movement initiation; a decrease in the
period between ball release and the moment of maximal
velocity; and a decrease in the hand velocity at the moment
of catch. In addition, the position of the hand at the moment
the maximal hand velocity was attained was not affected by
the angle of approach, as was observed in the experimental
data.

With respect to the differences between the far and close
conditions, the model indicated that in the far condition
movement was initiated earlier, but the difference was not
as large as observed in the data. The hand positions at the
moment of maximal velocity obtained for both passing
distances roughly matched the experimental data, and the
effect of passing distance on this variable was captured in
the simulations. As in the hand movement patterns obtained
from the MILCU data, maximal velocity was reached at the
same moment for both conditions in the simulations. How-
ever, the simulated maximal velocity turned out to be larger
in the far condition, whereas no difference in this respect
was observed in the experimental results. In addition, the
velocity at the moment of catch was larger in the simulated
far condition, whereas in the experimental data no main
effect of passing distance was observed. These characteris-
tics, obtained for the simulated hand movements, were all
closely related. Earlier initiation in the far condition would
result in smaller maximal velocity and smaller velocity at
the moment of catch. In other words, if the simulated hand
movement is initiated earlier, the other differences between
the simulated patterns and the hand movement patterns are
likely to decrease or even disappear.

Hence, although the simulated velocity patterns did not
exactly fit the experimentally obtained patterns, most move-
ment characteristics, especially those related to the angle
of approach effect, were reproduced by the simple model
proposed.

General Discussion

Experiments 1 and 2a indicated that ball size was used as
a metric in estimating passing distance, at least in situations
in which no distance information was available. Size and
distance are optically related quantities, and in the absence

for t S: 0, where A is the amplitude of the activation (cf.
Bullock & Grossberg, 1988).13 For a faster than linear
activation function (e.g., 3 = 1, 8 = 0, n = 1.4, and A = 0.8)

13 This model shows some resemblance with Bullock and Gross-
berg's (1988) vector-integration-to-endpoint (VITE) model. It is
important to note, however, that the VITE model does not incor-
porate time constraints. Therefore, it cannot account for intercep-
tive actions, where the hand has not only to move to the correct
position, but also to accomplish this within a time limit (Beek &
Bootsma, 1991).
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of other sources of information knowledge about one of the
two is required in order to perceive the other. As the size of
objects is more often constant than their distance to the
observer, scaling to object size seems to be the most reliable
solution to this ambiguity. Moreover, the combination of
changing-disparity and changing-size information allows, in
principle, perception of the absolute width of the moving
object (Regan & Beverley, 1979).

The results (especially those of Experiment 5) clearly
demonstrated that in catching a ball, humans do not first
predict where it can be caught and then move the hand to
this position. This is in line with the fact that instead of
triggering preprogrammed actions on the basis of some
value of an optical variable, actions are continuously geared
to this source of information (e.g., Bootsma & Van Wierin-
gen, 1990; Lee et al., 1983; Savelsbergh et al., 1991).
Although predictive information about future passing dis-
tance is available in principle, it does not seem to be used as
such in controlling the catching action. Indeed, reliance on
information predicting when the ball will be where forms
one possible way of controlling the action prospectively.
However, the predictions would have to be almost perfect,
thereby requiring a highly sophisticated perceptual system,
perhaps also sensitive to higher order information (e.g.,
acceleration). Continuous coupling between perception and
action is not so dependent on such a precise perceptual
system, because accuracy is achieved during the unfolding
of the act. The robustness of the perception-action system
can, therefore, be regarded as the consequence of this con-
tinuous coupling.

The results of Experiment 5 illustrate the way the system
seems to operate: It is not hunting for perfect predictive
information, but for useful information to which the action
can be geared. For catching, a source of information that
simply specifies distance does not provide this possibility,
as the temporal aspect is left out. To regulate one's actions,
action-related information is required (cf., e.g., the specifi-
cation of required vertical impulse in running over irregular
terrain [Warren et al., 1986] and the control of backward-
forward displacement in catching fly balls [Babler & Dan-
nemiller, 1993; Chapman, 1968; Michaels & Oudejans,
1992; Todd, 1981]). As is suggested by the present results,
the sideward arm movement in catching is regulated by
gearing the movement velocity to the perceptually specified
(in a combination of optical and kinesthetical information)
required velocity. This type of information does not specify
when to be where, but how to be at the right place in the
right time, regardless of where this might be. The value for
prospective control, thus, resides in the fact that action
regulation on the basis of this source of information guar-
antees adequate future hand positioning.

Although future passing distance appears not to be esti-
mated in order to coordinate the catching action, our sub-
jects were able to predict it reasonably well if required to do
so. However, to this end they did not rely on the available
optical information specifying future passing distance, as
has to be concluded from the obstinate angle of approach
effect. In order to decide whether an approaching object will
pass close enough to be caught, a rough estimate of passing

distance will be sufficient to be in the "right ball park." It
seems likely that Experiments 1-3, in requiring the subjects
to estimate future passing distance, addressed a task that did
not reflect the way human actors operate in catching. If the
precise future passing distance was relatively irrelevant, the
subjects may not have been attuned to the available infor-
mation specifying it.14 In order to perform the prediction
tasks, they might have needed to infer the estimate from
information sources to which they were sensitive. Because
the movement characteristics of the catching action showed
a clear qualitative relation to the angle of approach effect,
the estimates could have been inferred, in one way or
another, from the perceptual information specifying re-
quired velocity. It is possible that the optically specified
momentary sideward distance was conservatively extrapo-
lated (thereby leading to the observed angle of approach
effect) to obtain a rough estimate of future passing distance.

The information described in Equation 10 did not seem to
be used in these estimations. Nevertheless, it might play a
role in distinguishing between approaches that will result in
a collision with the point of observation, and those that will
not. As mentioned before, values of x/f between -0.5 and
0.5 specify, for all nonaccelerative approaches, that the
object is on a collision course with the observer. This is true
irrespective of object size and direction of motion, which
makes this optical quantity a rather robust source of predic-
tive information.

If the coordination of actions is based on continuous
action-related information, rather than on information pre-
dicting spatiotemporal aspects of future events, experimen-
tal designs that incorporate the estimation of future events
have to be regarded with some caution. The studies that
demonstrated progressive underestimation of time-to-con-
tact with increasing estimation interval magnitudes typically
involved such an estimation (e.g., Cavallo & Laurent, 1988;
McLeod & Ross, 1983; Schiff & Detwiler, 1979; Schiff &
Oldak, 1990). At various times before the approaching
object would have reached the observer, the presentation
was terminated and the subject was required to indicate the
time until arrival. Bootsma, Marteniuk, and MacKenzie
(1991) demonstrated that changes in the time at which a
response action had to be initiated progressively decreased
the underestimation of time-to-arrival. They concluded that
this underestimation may indicate that subjects did not fully
focus their attention on the information long before the
action needed to be initiated. This assumption suggests that
time-to-contact is not simply used as a prediction of the
remaining time, but that the accuracy of estimation is related
to the action being subserved (cf. Stoffregen & Riccio,
1990).

If, in Experiment 4, the moment of ball passing would
have been estimated in order to control the catching action,
an underestimation of about 40% (cf. Cavallo & Laurent,
1988; McLeod & Ross, 1983; Schiff & Detwiler, 1979;

14 Because the subjects appeared not to be attuned to the infor-
mation quantity x/f, this optical variable, although being task
relevant, can be considered nonfunctional (Owen, 1990).
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Schiff & Oldak, 199015), leading to the hand closing some
320 ms too early in the early condition (tc = 823 ms), was
to be expected. However, the moment of hand closing was
found not to be affected by the time-to-contact manipula-
tion. This result may be related to the results of Bootsma et
al. (1991) as the catching action needed to be initiated some
time before the ball was actually passing by.

In summary, in intercepting a ball subjects appear not to
use a point prediction specifying when and where this can
be accomplished. Rather, the catching action turns out to be
continuously coupled to instantaneous information. Gearing
the velocity of the hand movement to the specified required
velocity guarantees that the hand will be at the right place in
the right time. Instead of spatiotemporal estimates, contin-
uous action-related information is required in order to con-
trol one's actions.

15 Schiff and Oldak (1990) demonstrated that in transverse mo-
tion time-to-arrival was estimated far more accurately than in
head-on approaches (radial motion), although the task (and thus
time-to-action-initiation) was the same in both instances. How-
ever, this difference in accuracy cannot be taken as direct evidence
against the time-to-action-initiation assumption, because it might
be related to the different optical information that was available in
the two conditions. In transverse motion, the optical changes are
approximately linear, whereas the same displacement velocity in a
head on approach yields a nonlinear rate of change (Schiff &
Oldak, 1990). In addition, as Hills (1980) has rightfully pointed
out, optical size changes, due to head-on approach, at larger
distances are small, whereas the same displacement in the trans-
verse plane has a much larger effect.

References

Babler, T. G., & Dannemiller, J. L. (1993). Role of image accel-
eration in judging landing location of free-falling projectiles.
Journal of Experimental Psychology: Human Perception and
Performance, 19, 15-31.

Beek, P. J., & Bootsma, R. J. (1991). Physical and informational
principles in modelling coordinated movements: A reaction to
Bullock and Grossberg, 1991. Human Movement Science, 10,
81-92.

Bootsma, R. J. (1988). The timing of rapid interceptive actions:
Perception-action coupling in the control and acquisition of
skill. (Phd dissertation). Amsterdam: Free University Press.

Bootsma, R. J. (1991). Predictive information and the control of
action: What you see is what you get. International Journal of
Sport Psychology, 22, 271-278.

Bootsma, R. J., Bakker, F. C., Van Snippenberg, F. J., & Tdlohreg,
C. W. (1992). The effects of anxiety on perceiving the reach-
ability of passing objects. Ecological Psychology, 4, 1-16.

Bootsma, R. J., Marteniuk, R. G., & MacKenzie, C. L. (1991).
Perception of time-to-contact for actions of different duration. In
P. J. Beek, R. J. Bootsma, & P. C. W. Van Wieringen (Eds.),
Studies in perception and action (pp. 188-192). Amsterdam:
Rodopi.

Bootsma, R. J., & Oudejans, R. R. D. (1993). Visual information
about time-to-collision between two objects. Journal of Exper-
imental Psychology: Human Perception and Performance, 19,
1041-1052.

Bootsma, R. J., & Peper, C. E. (1992). Predictive visual informa-
tion sources for the regulation of action with special emphasis on

catching and hitting. In L. Proteau & D. Elliot (Eds.), Vision and
motor control (pp. 285-314). Amsterdam: Elsevier.

Bootsma, R. J., & Van Wieringen, P. C. W. (1988). Visual control
of an attacking forehand drive in table tennis. In O. G. Meijer &
K. Roth (Eds.), Complex movement behaviour: The motor-
action controversy (pp. 189-199). Amsterdam: North-Holland.

Bootsma, R. J., & Van Wieringen, P. C. W. (1990). Timing an
attacking forehand drive in table tennis. Journal of Experimental
Psychology: Human Perception and Performance, 16, 21-29.

Bullock, D., & Grossberg, S. (1988). Neural dynamics of planned
arm movements: Emergent invariants under speed and force
rescaling. Human Movement Science, 10, 3-53.

Cavallo, V., & Laurent, M. (1988). Visual information and skill
level in time-to-collision estimation. Perception, 17, 623-632.

Chapman, S. (1968). Catching a baseball. American Journal of
Physics, 36, 868-870.

Den Brinker, B. P. L. M., & Coolen, H. (1993). Fully automated
movement science laboratory: FAMS-lab. In F. J. Maarse, A. E.
Akkerman, A. N. Brand, L. J. M. Mulder, & M. J. Van der Stelt
(Eds.), Computers in psychology: Vol. 4: Tools for experimental
and applied psychology (pp. 62-71). Lisse, The Netherlands:
Swetz & Zeitlinger.

Den Brinker, B. P. L. M., Krol, J. D., & Zevering, R. (1985). Een
bewegingsanalyse-systeem voor "real-time" coordinate feed-
back [A movement analysis system for real time coordination
feedback]. In F. J. Maarse, W. E. J. van de Bosch, E. A. Zuider-
veen, & P. Wittenberg (Eds.), Computers in de psychologie (pp.
287-295). Lisse, The Netherlands: Swetz & Zeitlinger.

Dixon, W. J., & Massey, F. J. (1969). Introduction to statistical
analysis. New York: McGraw-Hill.

Fitch, H. L., & Turvey, M. T. (1978). On the control of activity:
Some remarks from an ecological point of view. In D. Landers
& R. Christina (Eds.), Psychology of motor behavior and sport
(pp. 3-35). Champaign, IL: Human Kinetics.

Gibson, J. J. (1966). The senses considered as perceptual systems.
Boston: Houghton Mifflin.

Gibson, J. J. (1979). The ecological approach to visual perception.
Boston: Houghton Mifflin.

Hills, B. L. (1980). Vision, visibility, and perception in driving.
Perception, 9, 183-216.

Kaiser, M. K., & Mowafy, L. (1993). Optical specification of
time-to-passage: Observers' sensitivity to global tau. Journal of
Experimental Psychology: Human Perception and Performance,
19, 1028-1040.

Lee, D. N. (1974). Visual information during locomotion. In R. B.
McLeod & H. Pick (Eds.), Perception: Essays in honor ofJ. J.
Gibson (pp. 250-267). Ithaca, NY: Cornell University Press.

Lee, D. N. (1976). A theory of visual control of braking based on
information about time-to-collision. Perception, 5, 437-459.

Lee, D. N. (1980). Visuo-motor coordination in space-time. In G.
Stelmach & J. Requin (Eds.), Tutorials in motor behavior (pp.
281-293). Amsterdam: North-Holland.

Lee, D. N., Lishman, J. R., & Thomson, J. A. (1982). Visual
regulation of gait in long jumping. Journal of Experimental
Psychology: Human Perception and Performance, 8, 448-459.

Lee, D. N., & Reddish, P. E. (1981). Plummeting gannets: A
paradigm of ecological optics. Nature, 293, 293-294.

Lee, D. N., & Young, D. S. (1985). Visual timing in interceptive
actions. In D. J. Ingle, M. Jeannerod, & D. N. Lee (Eds.), Brain
mechanisms and spatial vision (pp. 1-30). Dordrecht, The
Netherlands: Martinus Nijhoff.

Lee, D. N., Young, D. S., Reddish, P. E., Lough, S., & Clayton,
T. M. H. (1983). Visual timing in hitting an accelerating ball.
Quarterly Journal of Experimental Psychology, 35A, 333-346.



612 PEPER, BOOTSMA, MESTRE, AND BAKKER

Marks, L. S. (1987). Eyeheight-scaled information about affor-
dances: A study of sitting and stair climbing. Journal of Exper-
imental Psychology: Human Perception and Performance, 13,
361-370.

McLeod, R. W., & Ross, H. E. (1983). Optic-flow patterns and
cognitive factors in time-to-collision estimates. Perception, 12,
417-423.

Michaels, C. F., & Oudejans, R. R. D. (1992). The optics and
actions of catching fly balls: Zeroing out optical acceleration.
Ecological Psychology, 4, 199-222.

O'Regan, J. K., & Humbert, R. (1989). Estimating psychometric
functions in forced-choice situations: Significant biases found in
threshold and slope estimations when small samples are used.
Perception & Psychophysics, 46, 434-442.

Owen, D. H. (1990). Perception & control of changes in self-
motion: A functional approach to the study of information and
skill. In R. Warren & A. H. Wertheim (Eds.), Perception &
control of self-motion (pp. 289-326). Hillsdale, NJ: Erlbaum.

Regan, D. (1986). Visual processing of four kinds of relative
motion. Vision Research, 26, 127-145.

Regan, D., & Beverley, K. I. (1979). Binocular and monocular
stimuli for motion in depth: Changing-disparity and changing-
size feed the same motion-in-depth-stage. Vision Research, 19,
1331-1342.

Regan, D., Beverley, K. I., & Cynader, M. (1979). The visual
information of motion in depth. Scientific American, 241, 136-
151.

Savelsbergh, G. J. P., Whiting, H. T. A., & Bootsma, R. J. (1991).
Grasping tau. Journal of Experimental Psychology: Human Per-
ception and Performance, 17, 315-322.

Saxberg, B. V. H. (1987a). Projected free fall trajectories: I. The-
ory and simulation. Biological Cybernetics, 56, 159-175.

Saxberg, B. V. H. (1987b). Projected free fall trajectories: II. Hu-
man experiments. Biological Cybernetics, 56, 177-184.

Schiff, W. (1965). Perception of impending collision: A study of
visually directed avoidant behavior. Psychological Mono-
graphs: General and Applied, 79 (11 Whole No. 604).

Schiff, W., & Detwiler, M. L. (1979). Information used in judging
impending collision. Perception, 8, 647-658.

Schiff, W., & Oldak, R. (1990). Accuracy of judging time-to-
arrival: Effects of modality, trajectory and gender. Journal of
Experimental Psychology: Human Perception and Performance,
16, 303-316.

Stoffregen, T. A., & Riccio, G. E. (1990). Responses to optical
looming in the retinal center and periphery. Ecological Psychol-
ogy, 2, 251-274.

Todd, J. T. (1981). Visual information about moving objects.
Journal of Experimental Psychology: Human Perception and
Performance, 7, 795-810.

Tresilian, J. R. (1990). Perceptual information for the timing of
interceptive action. Perception, 19, 223-239.

Tresilian, J. R. (1991). Empirical and theoretical issues in the
perception of time to contact. Journal of Experimental Psychol-
ogy: Human Perception and Performance, 17, 865-876.

Tresilian, J. R. (1994). Approximate information sources and per-
ceptual variables in interceptive timing. Journal of Experimental
Psychology: Human Perception and Performance, 20, 154-173.

Wagner, H. (1982). Flow-field variables triggering landing in flies.
Nature, 297, 147-148.

Warren, W. H. (1984). Perceiving affordances: Visual guidance of
stair climbing. Journal of Experimental Psychology: Human
Perception and Performance, 10, 683-703.

Warren, W. H., & Whang, S. (1987). Visual guidance of walking
through apertures: Body-scaled information for affordances.
Journal of Experimental Psychology: Human Perception and
Performance, 13, 371-383.

Warren, W. H., Young, D. S., & Lee, D. N. (1986). Visual control
of step length during running over irregular terrain. Journal of
Experimental Psychology: Human Perception and Performance,
12, 259-266.

Watson, J. S., Banks, M. S., Von Hofsten, C., & Royden, C. S.
(1992). Gravity as a monocular cue for perception of absolute
distance and/or absolute size. Perception, 21, 69-76.

Received September 11, 1992
Revision received August 16, 1993

Accepted August 26, 1993 •


