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This review focuses on a particular aspect of the visual guidance of goal-oriented
locomotion, the interception of a moving object. The first part of this review presents
the two perceptual strategies proposed so far: optical acceleration cancellation (OAC)
and linear optical trajectory (LOT). The current state of the debate between the
advocates of these two strategies is then discussed. A few final remarks attempt to
reframe the debate relative to theoretical approaches of perception and action.

This review focuses on a particular aspect of the visual guidance of goal-oriented
locomotion, the interception of a moving object. This question was recently brought
up in a debate (“The Outfielder Problem”) on the perceptual strategies used in
baseball by outfielders trying to catch a fly ball hit by the opposing team’s batter
(see Dannemiller, Babler, & Babler, 1996; Jacobs, Lawrence, Hong, Giordano, &
Giordano, 1996; McBeath, Shaffer, & Kaiser, 1996).

To begin, the information likely to be used in this type of task must be described,
Cutting and Vishton (1995) proposed dividing the space surrounding the subject
into three zones: personal space (up to 5 meters), action space (up to 50 meters),
and vista space (on to infinity). The visual guidance of goal-oriented displacements
takes place mainly in action space. Given that the efficiency of binocular informa-
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tion decreases linearly with distance, such information is not very useful for visually
guiding goal-oriented displacements in action space. Moreover, because the ball’s
optical expansion pattern cannot be perceived in the action space either, informa-
tion that includes this component must be ruled out. Given the previously men-
tioned limitations of the human perceptual system, the formal models that have
been proposed involve monocular information based on the optical patterns dis-
placement generated by the moving ball. Following Chapman’s (1968) original
model, only Todd (1981) and Brancazio (1985) took an interest in the information
likely to be used in this type of task. More recently, Michaels and Oudejans’s (1992)
work triggered a new wave of research that sparked off a large debate(e.g., Dan-
nemiller et al., 1996; McBeath, Schaffer, & Kaiser, 1995a).

The first part of this review presents the two perceptual strategies proposed so
far: optical acceleration cancellation (OAC) and linear optical trajectory (LOT).
The current state of the debate between the advocates of these two strategies is
then discussed. A few final remarks will attempt to reframe the debate relative to
theoretical approaches of perception and action. ‘

OPTICAL ACCELERATION CANCELLATION

Chapman (1968) was the first to propose that one of the potential sources of
information in mobile interception tasks giving rise to a locomotor displacement
was the vertical optical acceleration of the ball. This information is thought to allow
the subject carrying out such a task to position himself in the right place at the right
time. The player using this strategy has only to cancel the optical acceleration of
the ball by producing the appropriate locomotor displacement. Brancazio (1985)
criticized the OAC theory because it ignores the resistance of the air and, using
simulations, showed that if air resistance is taken into account, substantially
different ball trajectories are obtained. However, it seems that this argument need
not be regarded as invalidating Chapman’s (1968) perceptual strategy. Indeed, the
OAC strategy requires the subject to adapt his locomotor displacement pattern
online, based on information that specifies the “state of the actor-environment
system” (Bootsma, Fayt, Zaal, & Laurent, 1997). In the research conducted to date,
optical acceleration is denoted d* ()')/dt2 (Michaels & Oudejans, 1992) or d* (tan
a)/de (eg. McLeod & Dienes, 1993), depending on whether the model is based
on plane or angular geometry (Figure 1; Equation 1).

tana=H/D=y/r=Yy w

If the optical acceleration is positive, the player knows the ball will land behind
him; if it is negative, he knows it will land in front of him. An optical acceleration
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out the vertical optical acceleration, the player is informed about whether the i
displacements produced are valid for the task being executed (Figure 3). Note that
the player does not know in advance when and where the ball will land.

Contrary to what McBeath et al. (1995a) claim, OAC does not require moving ‘
at a constant speed (Figure 3). OAC works whenever the Tatio d(tano)/dt is
mmf the value of the constant (McLeod & Dienes, 1996). There *
does indeed exist a particular value of this ratio for which the corresponding ‘

- displacement at a constant velocity should take the player to the right place at the
right time (Chapman, 1968). However, even in this case, as the actor starts from
stationary, the initial part of the displacement is necessarily accelerated (Babler &
Dannemiller, 1993; McLeod & Dienes, 1996). For all other values of the ratio, the
displacement speed changes necessarily as the player approaches the ball.

LINEAR OPTICAL TRAJECTORY

According to McBeath et al. (19954), all a player has to do to get to the right place
at the right time is inearize” the optical displacement of the ball by producing the

“1
appropriate locomotor displacement, that is, by keeping the optical trajectory projec-

tion angle () constant. To do so, twgw
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to McBeath et al. (19952), then players are more in 2 position to choose optical
trajectory projection angles close to 45° which lead to “economical” displacements
where the curvature is slight and the displacement velocity is low (inverte

U-shaped curve).
e -

THE DEBATE

Points of Agreement

Two online adaptation strategies. Both of these perceptual strategies
(LOT and OAC) are quite elegant in the sense that they are not based on any
knowledge of the properties of the to-be-intercepted ball and its trajectory; they tell
the player about the state of the actor—environment system (Bootsma et al., 1997).
This gives them some original predictive capabilities. They do not supply quantita-
tive information (expressed in metrical or intrinsic units of measure) but simply tell
the player whether the move being made is the right one for the task at hand. If the
player does in fact use one of these perceptual strategies, he does not know in
advance where or when the ball will land; he is simply using an “online adaptation
Mestre, & Bakker, 1994) that will lead him to the right

strategy” (Peper, Bootsma,
place at the right time.
The arguments stated against these strategies have mostly been obtained from
field observations (Adair, 1995; Chodosh, Lifson, & Tabin, 1995; Jacobs, 1995).
Chodosh et al., for example, viewed videotapes of 179 ball catches in professional
baseball games. Contrary to what is assumed in online adaptation strategies, the
players were usually found to be stationary at the time they came in contact with
the ball. This suggests that highly skilled players use a strategy that allows them to
predetermine the place and time of landing (Saxberg, 19873, 1987b) rather than
an online adaptation strategy. However, some aspects of the work of Chodosh
et al. remain unclear, therefore limiting the interest of the results presented.
Some information, such as the sample frequency, the nature of the ball trajec-
tories, or the criterion used to determine that the actor is stationary at contact,
is not reported. Moreover, the LOT strategy is flexible, insofar as the optical
trajectory linearization it involves is independent of the optical trajectory
projection angle «chosen” (McBeath et al., 1995b). Wﬁ
the optical trajectory will give rise to locomotor displacement pattemiégg_giﬁg,r_

and consequently will Tesult in different velocities at contact, as a function of the
Tand Dienes (1996)

ygllﬁjgf the optical trajectory projection angle chosen. McLeo
report results that are compatible with the use of an online adaptation strategy.
They analyzed the locomotor displacement patterns produced by a player when, for
a given landing point, the ball’s launch angle and velocity varied (i.e., the player

had a variable amount of time to get to the landing point). The results showed that

in every case the player was not standing still at the ball's landing point but had
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strategy operational (Dannemiller et al., 1996), the results of Werkhoven et al.
(1992) lead us to think that the actor is able to implement the LOT strategy in ball
catching with locomotor displacements.

Scope of the strategies. McBeath et al.’s (1995a) main criticism m
) . L. . <~
pertains to the fact that it is limited to direct approaches to the ball. They contend

‘that a direct approach is only a special case because most ball catches require
implementation of a perceptual strate that controls both forward_backward and
sideways movements." This is why McBeath et al. propose t trategy, which
uses the optical trajectory of the ball in the horizontal an vertical axes. It is
noteworthy that Chapman (1968) was already aware of this limit, leading him to
propose a strategy with two distinct parts. The player was thought to continue
controlling his anterior—posterior motion on the basis of OAC (i.e., by canceling &
' [tan a]/di) while controlling his lateral motion by canceling the horizontal optical
displacements. The theoretical consequences of the strategy proposed by Chapman
are discussed in the last paragraph.

Experimental results. The results gathered in the experimental work done
so far are somewhat contradictory. One could wonder to what extent the hetero-
geneity of the experimental protocols used has not contributed to this situation
(e.g., the characteristics of the ball trajectories, the modes of displacement, and the
recording systems used vary widely between studies; Table 1). Note also the small
number of sampled trials recorded, which raises the issue of the generalization of
the results (Table 1). In spite of the methodological weaknesses, the studies provide
some information on the nature of the strategy potentially used.

Michaels and Oudejans (1992) were the first to analyze the optical patterns of
the ball’s trajectory in catching tasks where the ball is approaching the player from
directly in front. By comparing (a) the optical displacement curve resulting from the
tombined motion of the player and the ball and (b) the optical displacement curve that
would have been observed if the player had remained stationary, they found that
displacements were consistent with the cancellation of optical acceleration. McLeod
and Dienes (1993, 1996) and Dienes and McLeod (1993) obtained similar results in

. the same type of task. McBeath et al. (1995a), on the other hand, tested the LOT
strategy in catching tasks where the ball was approac ing the player along an indirect,
trajectory. The results presented by McBeath et al. are compatible with the use of the
TOT strategy in that (a) the moves linearize the optical trajectory of the ball and (b) in
line with predictions based on the LOT strategy, they are curvilinear and have an

"The same type of criticism has been made of the optical variable tax (i.e., the inverse of the ball’s
relative expansion speed; Lee, 1976). This information source provides temporal information, the first
order time to contact (Lee & Young, 1985) in the particular case of a direct approach. Whenever the
approach is indirect, the optical displacement must be taken into account in order to obtain the first
order time to contact (Bootsma & Oudejans, 1993).
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TABLE 1
Summary Table of the Various Experimental Studies Ai ini
: ‘ imed at Determining the Visual Guid,
Strategies Implemented in Ball Catching Tasks Requiring a Locomotor Displaceme:: e

Trajectory Recording Subjects—Trials Analyzed Results

Michaels & Oudejans (1992)

Direct approach. Range: 6-25 m. 25 Hz digitizati i
' : : . gitization of Experiment 1: 2 expert F
Fllgbt angle/flight time: variable. head and ball softball players/ 18 trials avor OAC
Subject’s displacements: 210 m. Experiment 2: 2 expert.
softball players/7 trials.
McLeod & Dienes (1993)
Direct approach. Range: 50 m Digitizati
' 2 . gitization of head and ~ One expert baseball pl .
Flight angle/flight time/ projec- reconstruction of ball per e PR Favor OAC
tion speed: 45°/3 s/20-25 m/s. trajectory
Subjects’ displacements: 210 m.
McBeath et al. (1995)
Indirect approach. Range: 50 m Experi : i
: ; ’ nge: . periment 1: 30 Hz Experiment 1: 2 amateur F
Flhght angle/ﬂxght time/ projec- digitization of head. baseball players/28 trials. aorkot
tion speed: variable. Subjects’ Experiment 2: Ball Experiment 2: 2 amateur
displacements: 2—15 m. trajectory recorded by baseball players/27 trials.
camera fastened to
subject’s shoulder
Jacobs et al. (1996)
Indirect approach. Range: approx. 5 Hz digitizati
: 8 gitization of head !
50 m. Flight angle/flight time/ and reconstruction of Faj’O\j LOT
projection speed: 58°/4 s/5 m/s. ball trajectory oartof
Subjects’ displacements: large i o
(approx. 30 m). ety
McLeod & Dienes (1996)
Direct approach. Range: varies 8 Hz digitizati i j
ange: gitization of head ~ Experiment 1: 6 subjects (1 F
ﬁom 40’50 m. Flight angle/flight and reconstruction of expert soccer player, 1 ( ot OAC
time/projection speed: 45° or ball trajectory. expert cricket player, and 4

64°/3 5/20-25 m/s. Subjects’

displacements: 1-10 m. novice cricket players)/6

trials. Experiment 2: 1
subject/6 trials.

inverted U-shaped velocity curve. Jacobs et al. (1996) recorded a new series of ball
catches involving backward—forward and sideways movements. Their results sup-
port the use of a strategy based on LOT during the initial portion of the ball’s
trajectory (i.e., within 2 sec after the ball is launched), where tan o and tan 8
increase linearly. However, in the final portion of the trajectory (i.e., within 2 sec
before contact) when the player keeps tan o increasing linearly (contrary to what
}acobs etal. claim), tan P is approaching 0. These results suggest that the LOT strategy
is no longer operational 2 sec before contact. Unfortunately, Jacobs et al. were not able
to propose an alternative to LOT based on their experimental data.
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Are the Two Strategies Complementary?

Dannemiller et al. (1996) simulated ball catches in which the players did not arrive
in the right place at the right time, even though they kept the ball’s optical trajectory
linear. The simulations they produced, for example, had optical ball trajectory
images that, although linear, contained reversal points reflecting a proportional
decrease in tan o and tan B. This finding shows that the mere monitoring of the
linearity of the ball’s optical trajectory does not supply enough information to get
the catcher to the landing point at the right time, hence McBeath et al.’s (1995a)
requirement that tan o and tan B be proportional to each other and monotonically
increasing. Dannemiller et al. wonder whether players can foresee the occurrence
of such reversal points to control their displacements soon enough. They also say
that even when the two conditions are satisfied (i.e., linearization of the optical
trajectory and monotonic increase in tan & and tan B), the player may still not get
to the landing point on time. These findings led Dannemiller et al. to contend that
McBeath et al.’s strategy necessarily includes an additional constraint: OAC. Only
This additional constraint can guarantee that no reversal points will be produced.
In fact, McBeath et al. (1996) propose that the two strategies are complementary.

FINAL REMARKS

This review of the literature on the visual guidance of goal-oriented displacements
calls for a few remarks. The only tangible accomplishment at the current time is the
existence of two formal models of possible perceptual strategies (Chapman, 1968;
McBeath et al., 1995a). It seems, moreover, that although the advocates of the two
models are divided on this issue, human beings do, in fact, have the neural wiring
capable of implementing both of the strategies described (Babler & Dannemiller,
1993; Tresilian, 1995; Werkhoven et al., 1992). Indeed, even though McBeath et
al. think that, in the OAC framework, the extraction of the tangent of the vertical
optical angle might cause a problem, we avoid drawing any analogies here between
the formal characteristics of the information and the characteristics of the mecha-
nisms in charge of its implementation (Runeson, 1977). In other words, “smart
perceptual mechanisms” may be able to extract information no matter how complex
it might be. Besides, no decisive experimental proof of the actual use of either of
the strategies has been proposed yet. Only the experimental manipulation of one of
the perceptual components of the two strategies, accompanied by quantitative predic-
tions of the behavior produced, could really test the two strategies.

Before running any experiment, it seems important to improve the existing
formalization. The “elegance” of the strategy based on OAC lies in its ability to
capture the transformation patterns of the optical array, which offer direct and

" unequivocal access to the state of the actor—environment system (Bootsma et al.,
1997; Michaels & Carello, 1981; Michaels & Oudejans, 1992). Michaels and
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Oudejans stressed that the vertical optical acceleration has all the features of
an invariant in the Gibson sense of the term. However, when the trajectory of
Wlmﬁmtmmw—
specity the state of the system, and the actor has to use another invariant (based

o this case on the pattern of horizontal displacement; Chapman, 1968). Asso-

Ciating several invariants to access the relevant property of the actor—environ-

ment system deprives the perceptual process of its the parsimonious character.

The necessity to use two invariants may also simply reflect the (temporary) inability

of the researchers to formalize within one mathematical formula the generic

invariant, which could be used whatever the trajectory. The same does hold true

of the strategy proposed by McBeath et al. (1995a), to the extent that merely

maintaining a LOT may turn out to be insufficient for gaining access to the current

state of the actor-environment system, in which case recourse to some other

invariant (such as vertical optical acceleration) is needed. McBeath et al. (1996)

seem to adapt to this state by resolutely espousing the framework of cue theory

(Gregory, 1966). Anyway, no integrated perceptual strategy, able to lead inde-

pendently from the constraints the actor to the right place at the right time, can be

found in the literature.

Moreover, the strategies proposed so far (LOT and OAC) do not account
for the way in which information is integrated to control displacement (see
Michaels & Beek, 1995, for a discussion). In this respect, the work of Bootsma
and collaborators (Peper et al., 1994; Bootsma, 1988; Bootsma et al., 1997) is
one of the first attempts to propose a unitary model of the relations between
perception and action. For the task of catching a ball constrained on a single
axis, Bootsma et al. (1997) proposed a strategy aiming at (a) optically accessing
the relevant property of the actor-environment system (i.e., the required speed
of the hand) and (b) integrating the information for a control of the movement
(i.e., the acceleration would depend upon the gap between the required speed and
the current speed). The strategy formalized by Bootsma et al. resembles the
strategies of continuous control presented in this review. The actor is sure to be at
the right place at the right time by regulating the movement on the basis of an
invariant that gives access to the relevant property of the actor—environment system.
Moreover, to its credit, the model presented by Bootsma et al. offers an integrating
mechanism of the information to control the movement. The issue of the generali-
zation of this type of mode! to all the interceptive tasks has to be addressed. For the
tasks reviewed here, the displacement being not constrained on a single axis, the
relevant property of the actor-environment system cannot be reduced to the sole
required speed; the direction of the displacement of the actor has to be specified too.

It is our view that the future formalization will have to (a) identify the generic
invariant used, (b) link this invariant with the relevant property of the actor—envi-
ronment system, and (c) describe the modality of this integration of the information
to control the displacement. In the current state of the art, the question of the visual
guidance of locomotor displacements remains unanswered.




36 MONTAGNE, LAURENT, DUREY
ACKNOWLEDGMENT

We thank William Mace, Claire Michaels, Jim Dannemiller, and Tim Babler for
their helpful comments on the manuscript.

REFERENCES

Adair, R. K. (1995). Letters. Science, 268, 1681-1681.

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

Bootsma, R. J. (1998). Ecological movement principles and how much information matters. In A. A.
Post, J. R, Pijpers, P. Bosch, & M. S. J. Boschker (Eds.), Models in human movement science (pp-
51-63). Amsterdam: Vrije Universiteit Press.

Bootsma, R. J., Fayt, V., Zaal, F. T. J. M., & Laurent, M. (1997). On the information-based regulation
of movement. Journal of Experimental Psychology: Human Perception and Performance, 23, 1282-1289.

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

Brancazio, P. (1985). Trajectory of fly ball. The Physics Teacher, 23,20-23.

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

Chodosh, L. A., Lifson, L. E., & Tabin, C. (1995). Letters. Science, 268, 1682-1683.

Cutting, J. E, & Vishton P. M. (1995). Perceiving layout and knowing distances: The integration, relative
potency, and contextual use of different information about depth. In W. Epstein & S. Rogers (Eds.),
Handbook of Perception and Cognition: Perception of space and motion (Vol. 5, pp. 69-117). San Diego,
CA: Academic.

Dannemiller, J. L., Babler, T. G., & Babler, B. L. (1996). On catching fly balls: Technical comments.
Science, 273, 256-251.

Dienes, Z., & McLeod, P. (1993). How to catch a cricket ball. Perception, 22, 1427-1439.

Gregory, R. L. (1966). L'oeil et le cerveau. Paris: Hachette.

Jacobs, R. A. (1995). Letters. Science, 268, 1683.

Jacobs, T. M., Lawrence, M. D., Hong, K., Giordano, N., Jr., & Giordano, N., St. (1996). On catching
fly balls: Technical comments. Science, 273, 256-257.

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., & 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.

McBeath, M. K., Shaffer, D. M., & Kaiser, M. K. (1995a). How baseball outfielders determine where
to run to catch fly balls. Science, 268, 569-572.

McBeath, M. K., Shaffer, D. M., & Kaiser, M. K. (1995b). Letters (authors’ response). Science, 268,
1683-1685.

McBeath, M. K., Shaffer, D. M., & Kaiser, M. K. (1996). On catching fly balls: Technical comments
(authors’ response). Science, 273, 258--260.

MecLeod, P., & Dienes, Z. (1993). Running to catch the ball. Nature, 362, 23.

McLeod, P., & Dienes, Z. (1996). Do fielders know where to go to catch the ball or only how to get
there? Jowrnal of Experimental Psychology: Human Perception and Performance, 22, 531-543.

Michaels, C. F., & Beek, P. (1995). The state of ecological psychology. Ecological Psychology, 7, 259-278.

Michaels, C. F., & Carello, C. (1981). Direct perception. Englewood Cliffs, NJ: Prentice Hall

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.

-*

THE OUTFIELDER PROBLEM 37

Oudejans, R. R. D. (1996), The optics and actions of catching fly balls. Enschede, The Netherlands: Print
Partners Ipskamp.
Peper, (i‘ E, B}c:ots;na. R J.,g‘viestre, D.R., &Bakker, F. C. (1994). Catching balls: How to get the hand
to the right place at the right time. Journal of Experimental Psychology: Hi P i
ot iy D ychology: Human Perception and
Runeson, S. (1977). On the possibility of smart perceptual mechani Scandinavi
beolon 18, 112179 percep! anisms. Scandinavian Journal of
Saxljxgrg, B. V. H. (1987a). Projected free fall trajectories. 1. Theory and simulation. Biological Cybemetics
, 159-175. ,
Saxl;e;rgl, 7B7 V1 H. (1987b). Projected free fall trajectories. II. Human experiments. Biological Cybemetics
 177-184. '
Stoffregen, T. A., & Riccio, G. E. (1988). An ecological theory of orientati d th i
) ,G.E. . b
Psyc;wlogkal waw‘ 95. 3_14' Ty orientation and the vesti| ular system.
Todd, J. T. (1981). Visual information about moving objects. Journal of Experimental Psychology: Human
Perception and Performance, 7, 795-810.
Tresilian, J. T. (1995). Study of servo-control strategy for projectile i i
' projectile interception. The Quarterly Journal
of Experimental Psychology, 48A, 688-715. Quarethy Jox
War}\r/ien, W&}I-I< (Ii98!18)(. Action mode and laws of control for the visual guidance of action. In O. G.
eijer . Roth (Eds.), Complex movement behavior: The motor-acti —
Amsterdam: North-Holland. eracton cniroses (pp. 335-360)
Werkhoven, P., Snippe, H. P., & Toet, A. (1992). Visual processing of opti i isi
o o3 apo e, processing of optic acceleration. Vision



