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Past research into the perceptual strategy used by hu-
mans, animals, and robots to navigate to a projectile des-
tination has established that interception can be achieved 
using only a small number of simple perception–action 
control heuristics. Here, we examine whether or not the 
same control heuristics apply when navigating to intercept 
in the physically vastly different case of targets moving 
along the ground. If so, this simple strategy can extend 
to interception from virtually any direction in many do-
mains, both biological and mechanical.

When a fielder runs to catch a ball, a driver navigates 
to avoid a collision, or a pedestrian intercepts a fellow 
walker, they each utilize unconscious spatial-orienting 
principles and other automatic perceptual control mecha-
nisms. At the same time, parallel higher level cognitive 
processes, such as map building, object discrimination, 
and conscious analysis of visual streams, are also being 
performed. Nevertheless, past research on pursuer ability 
to predict projectile destinations on the basis of knowl-
edge of physics has not been substantiated (Saxberg, 
1987; Shaffer & McBeath, 2002, 2005). For tasks such 
as interception of moving objects, humans are guided 
primarily by rapid, unconscious, dynamic, visual–motor 
control strategies rather than by strategies based on higher 
level reasoning (Milner & Goodale, 1995). In this study, 
we tested whether or not interception of ground balls is 

consistent with usage of only a few simple, perceptually 
invariant principles.

When catching a moving target, such as a projectile ap-
proaching from above the horizon, humans are surpris-
ingly accurate at navigating to the destination, even under 
varying conditions caused by wind, projectile spin, and 
other factors. Similarly, when a moving target descends to 
approach from below the horizon, fielders appear to seam-
lessly continue their navigational strategy to successfully 
intercept along the ground. We present evidence to sup-
port the parallel use of two general functional heuristics 
of interceptive action based entirely on control of percep-
tually invariant principles. This study is the first to utilize 
high-precision, marker-based, motion-capture technology 
to unambiguously measure head, body, and target posi-
tions during high-speed interception tasks. This type of 
perceptual modeling is relevant not only for human and 
animal navigational behavior (Shaffer, Krauchunas, Eddy, 
& McBeath, 2004), but also for applied areas such as tele-
operation, flight training (Beall & Loomis, 1997), and 
mobile robot design (Sugar & McBeath, 2001a, 2001b; 
Sugar, McBeath, Suluh, & Mundhra, 2006).

Perception–Action Control Mechanisms
Previous research supports the use of navigational 

mechanisms that guide fly ball interception by maintain-
ing geometric perceptual invariants between pursuer and 
target projectile. Chapman (1968) and others specified that 
fielders select a running path that maintains a constant rate 
of rise for the image of the projectile (Babler & Dannemil-
ler, 1993; Brancazio, 1985; Chapman, 1968; McLeod & 
Dienes, 1993, 1996). More precisely, the control mecha-
nism performs optical acceleration cancellation (OAC) of 
the tangent of the vertical optical angle (gaze angle). This 
is geometrically equivalent to the fielder’s maintaining a 
target image that moves upward at a constant velocity 
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along a vertical projection plane that moves in depth with 
the fielder, as is shown in Figure 1A. Since optical gaze 
angle to the ball increases following a tangent function, the 
angle itself does not actually increase linearly with time but 
systematically lessens as the image rises.

Use of this control heuristic can account for intercep-
tion of target projectiles directed in the sagittal plane 
toward the fielder. The viability of OAC has also been 
demonstrated with robotic algorithms (McBeath, Shaf-
fer, & Sugar, 2002; Mundhra, Sugar, & McBeath, 2003; 
Mundhra, Suluh, Sugar, & McBeath, 2002; Sugar & Mc-
Beath, 2001a, 2001b; Sugar et al., 2006; Suluh, Mundhra, 
Sugar, & McBeath, 2002). OAC cannot by itself guide 
fielders to balls headed off to the side. To do so requires 
coupling with another mechanism or lateral strategy 
(Chapman, 1968). For example, researchers suggest that 
fielders could rotate lateral gaze direction while intercept-
ing fly balls (McLeod, reed, & Dienes, 2003).

McBeath and colleagues introduced a simple control-
theory model that complements OAC but also explains 

how fielders determine where to run when catching fly 
balls headed anywhere on the field (McBeath, Shaffer, & 
Kaiser, 1995, 1996; McBeath, Shaffer, Morgan, & Sugar, 
2002; Shaffer & McBeath, 2002, 2005). The guiding prin-
ciple is for fielders to run along a path that keeps the ball 
image monotonically rising along a linear optical trajec-
tory (LOT). Specifically, the ball image is maintained 
along a directed line relative to the background within 
successive projection planes that remain perpendicular to 
fielder gaze direction. Since angular change is defined 
relative to previous ball position, the ongoing reference 
frame by which angular change is measured progressively 
tilts away from the horizon, as described in recent work by 
us and others (Marken, 2005; McBeath, Shaffer, & Sugar, 
2002). The LOT heuristic is a generic navigational strat-
egy that guarantees interception by utilizing the invariant 
property of angular constancy between pursuer and target. 
The LOT control mechanism explains several fielder par-
adoxes for balls headed to the side, such as why fielders 
typically limit their speed so they catch the ball on the run 

Figure 1. Vertical optical angles and projection planes for fly ball (A) and 
ground ball (B) cases. When intercepting moving targets, fielders navigate to 
control α, the vertical optical angle between themselves and the target. For 
fly balls, they keep the image of the ball rising at a constant rate along a ver-
tical projection plane (∂ tanα/∂ t 5 constant), whereas for ground balls they 
keep it approaching at a constant rate along a horizontal projection plane 
(∂ cotα/∂ t 5 constant).
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rather than arrive early, why they pursue uncatchable balls 
headed well out of bounds, and why balls hit to the side 
seem easier to catch than balls hit directly toward them. 
research confirms that complementary use of OAC and 
LOT mechanisms is consistent with human and animal 
interceptive behavior (Shaffer et al., 2004); mathemati-
cal, computer, and robot simulations (Aboufadel, 1996; 
Marken, 1997, 2001, 2005); and cases of fielder failure 
(Shaffer & McBeath, 2002).

Humans can determine distance to a stationary object 
on the ground plane using angle of declination, the angle 
from the horizon down to the object (Ooi, Wu, & He, 
2001). Very distant objects appear on the horizon, whereas 
closer ones have increasingly larger declination angles. 
We suggest that angle of declination is also systematically 
used to determine dynamic distance. Other distance cues, 
such as stereovision, may also become increasingly influ-
ential as objects near an observer (regan, 1997; regan & 
Gray, 2000).

Interception research with ground-based targets also 
specifies use of lateral optical angle to the target (Cut-
ting & Wang, 2000; Lenoir, Musch, Janssens, Thiery, & 
Uyttenhove, 1999; Pollack, 1995). Pursuers on a lateral 
collision course typically select a nearly constant bearing 
path, causing the target to maintain a constant lateral opti-
cal speed. Some models define bearing angle as the con-
trol variable that is held constant during interception tasks 
(Fajen & Warren, 2004; Warren, Kay, Zosh, Duchon, & 
Sahuc, 2001). Here, we suggest that control mechanisms 
similar to those found for fly ball catching also apply for 
catching of ground balls. We propose that when pursu-
ers try to intercept targets moving below them along the 

ground, they control relative position using two com-
mon, parallel, perceptual mechanisms. The first is OAC, 
through which the fielder keeps the image of the target 
approaching at a constant rate along a virtual horizontal 
projection plane (i.e., the cotangent of declination angle α 
[cotα] continues to decline at a constant rate, as is shown 
in Figure 1B). The second is LOT, through which the 
image of the target continues to descend along a constant 
angle relative to the background on a projection plane that 
remains perpendicular to fielder gaze.

This proposal is remarkable in that the physics of a 
ballistic trajectory for a fly ball significantly differ from 
those of a rolling ground ball. Fly balls travel along air-
resistance-shortened parabolic trajectories, rising and fall-
ing with significant elevation differences due to gravity. 
In contrast, balls rolling along nearly flat ground are rela-
tively unaffected by gravity, and ground friction is funda-
mentally different than drag due to air resistance (Watts & 
Bahill, 2000). If fielders use the same control strategies to 
intercept both fly balls and ground balls, then these must 
be generic, robust, and efficient enough to work in a wide 
variety of real-world scenarios.

In past studies, navigational perception–action heuris-
tics used in baseball have been tested by recording fielder 
position and theorizing ball position (McLeod & Dienes, 
1996; Oudejans, Michaels, & Bakker, 1997). In our early 
work, we introduced a direct test using a camera mounted 
on the human or animal fielder (McBeath et al., 1995; Shaf-
fer et al., 2004). In the present study, we introduce the use 
of multicamera motion capture equipment (Vicon, 2003) to 
directly measure the high-resolution 3-D positions of target 
and fielder in real time to test interception strategies.

Figure 2. Renditions of three frames from motion capture data collected for a fielder running to catch a ground ball. In the 
upper panel, a reconstructed stick figure of the fielder is shown standing ready to pursue (left), running forward to intercept 
(center), and bending over to grasp the target ball (right). Ongoing position data were recorded for the head and the target 
during the task at exact, synchronous time intervals. In the lower panel, a viewer-based coordinate system is constructed at the 
fielder’s head, with the z-axis representing the gaze of the fielder for each of the corresponding top three diagrams. Rotation 
about the x-axis corresponds to declination angle α. The (uppercase) XYZ coordinate system represents the fixed, world-based 
reference frame of the motion capture system, and the (lowercase) xyz coordinate system represents the moving, viewer-based 
reference frame.
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MeThOd

Participants
Three fielders (2 amateurs and 1 college-level player) partici-

pated in the experiment. All were between 20 and 30 years of age 
with normal or corrected-to-normal vision. None were aware of the 
purpose and hypotheses of the experiment.

Procedure
The participants ran and caught ground balls rolled along a floor. 

The experiments were conducted in a motion capture laboratory 
with capture-volume floor dimensions of 10 3 7 m. The fielders 
wore suits with retro-reflective markers that were captured by a 
Vicon eight-camera system with millimeter accuracy at a rate of 
120 frames per second. Ongoing 3-D fielder and ball positions were 
digitized. Balls were rolled at random speeds in random directions 
within the capture area. Balls were rolled at speeds ranging from 2 

to 7 m/sec and traveled distances of 3–6 m before being intercepted. 
Ball trajectories were angled toward, perpendicular to, and away 
from the fielder. Difficulty of task varied to include trials in which 
the fielders had to extend themselves and sometimes move back-
ward. Each trial typically took about 1–2 sec, with the fielder typi-
cally running 2 or 3 m to complete the catch. A total of 30 successful 
catches by all 3 fielders was recorded.

Analysis Geometry
renderings of the raw data from several frames of one trial are 

shown in the top row of diagrams in Figure 2. The bottom row of dia-
grams illustrates the viewer-based, body-centered coordinate (xyz) 
system constructed at the particpiant’s head, with the z-axis connect-
ing the center of the head with the ball. The y-axis remains within 
the vertical sagittal plane containing the head and the ball, and it is 
always tilted upward. This is consistent with past findings that gaze 
rotates forward during interception tasks but the head does not rotate 
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Figure 3. World coordinate data of a fielder intercepting a ball on a 
typical trial. (A) The fielder’s path is indicated by 3s, and the ball’s by 
open circles. The thin, nearly parallel lines represent the gaze direction 
of the fielder projected onto the world-coordinate XZ ground plane. 
(B) Three-dimensional plot of the fielder’s head and the ball. The verti-
cal lines indicate the fielder’s ongoing head location while he approaches 
the moving ball during the trial shown in panel A.
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about the z-axis. The raw head-cam data confirm that there was very 
little sideways twisting of the head. The head-tracking data confirm 
that the fielders kept their heads and eyes directed at the ball during 
the interception task, so we used a model of a line directed from the 
center of the head to the ball. The x-axis is constructed to ensure an 
orthogonal, right-handed coordinate system. The declination angle, 
α, represents rotation about the x-axis from eye level, or the angle 
between the head-to-horizon line and the z-axis. The (uppercase) 
XYZ coordinate system represents the fixed, world-based reference 
frame of the motion capture data, and the (lowercase) xyz coordi-
nate system represents the moving, rotating, viewer-based reference 
frame in which optical linearity is analyzed.

All 30 successful trials were recorded up to the point at which 
the wrist reached 20 cm away from the ball. This is because OAC 
and LOT control mechanisms determine fielder running paths from 
the starting point to near the destination point, but not for the final 
grasping task. To model ball-grasping behavior, other timing vari-
ables not studied here need to be considered, such as t—that is, the 
time-to-collision estimate from the image-expansion rate of an ap-
proaching object (Lee, 1998; Lee & reddish, 1981).

ResulTs And dIsCussIOn

Optical speed Analysis (OAC strategy for 
Interception of Ground Balls)

Figure 3A shows ground (i.e., XZ plane) trajectories of 
fielder and ball for a typical trial. Figure 3B shows 3-D 
paths of the fielder’s head and the ball. In Figure 3A, the 
thin lines connecting the two trajectories are gaze direc-
tions of fielder projected in the XZ plane at constant time 
intervals. Alignment angle is defined as gaze direction 
along the ground plane relative to a fixed coordinate sys-
tem. Gaze lines remain close to parallel during the trial 
except at the beginning of the task, despite changes in run-
ning speed and bearing angle. Thus, the fielder selects a 
running path that maintains nearly lateral alignment with 
the ball. The variable of interest is not magnitude of the 
lateral angle, but rather its constancy, which is indicated 
by the fact that the gaze lines remain near parallel. All 
30 trials produced nearly constant lateral alignments be-
tween fielder and ball, but with a small systematic drift 
(mean SD 5 2.7º). In contrast, as is shown in Figure 4, 
bearing angle (mean SD 5 9.4º) varied significantly more 
than alignment angle between fielder and ball [F(1,29) 5 
11.07, p 5 .002].

Figure 5A shows ongoing changes in height of head, 
ball, and wrists, with notable changes in head elevation. 
Figure 5B illustrates the precision of the linear function of 
optical gaze position despite bouncing of head and ball. 
Even though head height changes dramatically, declina-
tion angle α varies smoothly, as predicted by OAC control 
strategy. It is clear that cotα varies linearly with time, and 
not angle α itself, as is illustrated in Figure 5C. The results 
were duplicated in a large real-world outdoor setting with 
bouncing balls, in which fielders maintained a smoothly 
decreasing declination angle (McBeath, Sugar, Thompson, 
& Mundhra, 2003). Clearly, fielder head movement occurs 
in a manner that maintains optical speed constancy.

For all 30 trials, the OAC control model of maintaining 
a constant rate of change of cotα (∂cotα/∂t 5 constant) 
accounted for a median of 98.7% variance in optical ball 

position (Figure 6B shows 16 typical trials). Variance was 
determined by fitting regression lines to cotα versus time 
functions. In other words, the distance between the fielder 
and the ball position along a virtual horizontal image plane 
(as shown in Figure 1B) consistently decreases at a con-
stant rate. This projection plane is analogous to a camera 
with a fixed focal length that is mounted at the fielder’s 
head with its image plane parallel to the ground, moving 
up and down as head height changes. This is geometri-
cally equivalent to the interception of fly balls, in which 
the vertical image plane moves forward and backward as 
the fielder moves in depth. The position of the ball in this 
image plane is determined by the direction of the gaze 
vector from head to ball. We also found no notable indi-
vidual differences among fielders, with both the expert 
and the less skilled fielders maintaining robust optical 
speed constancy. The OAC control model of maintaining 

Figure 4. Comparison of two possible lateral control variables 
with a subset of 16 typical trials. (A) Alignment angle (gaze angle 
projected in the XZ ground plane) remains relatively constant. 
(B) Bearing angle (direction of pursuit relative to target align-
ment) varies significantly more than does alignment angle.
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a constant rate of change of cotα accounted for medians of 
99.1%, 97.9%, and 97.9% variance in optical ball position 
for the three fielders, respectively.

The OAC mechanism does not require that process-
ing of optical speed take place in a vertical or horizontal 
image plane, but the constantly changing tangent and co-
tangent functions are represented linearly in respective 
vertical and horizontal image planes. If processing of ball 
speed takes place in a plane perpendicular to gaze direc-
tion, then simple tangent and cotangent transformations 
can simplify control of optical ball speed.

Optical linearity Analysis (lOT strategy for 
Interception of Ground Balls)

Optical linearity is analyzed using two essentially 
equivalent metrics with identical results. All calculations 

are performed in the image plane perpendicular to gaze 
direction. In both metrics, gaze direction to the ball is 
compared to previous gaze direction (0.0083 sec earlier). 
Change in vertical optical angle (Dα) is recorded as well 
as lateral change in distance. A constant focal distance is 
assumed, and lateral change along the image plane is con-
verted into lateral angular change (Dβ). Next, the small 
changes Dα and Dβ are integrated to determine vertical 
gaze angle α and lateral angle β. In Figure 7A, α and β 
are plotted over time and are very linear. An increase in 
β is due principally to the fielder’s running laterally. A 
decrease in α is due to both head tilting and the fielder’s 
running in depth toward the interception point.

In the top and right axes, Figure 7A shows the trajectory 
of ball image relative to background in an image plane that 
rotates to remain perpendicular with fielder gaze direc-

Figure 5. head height, cotangent of the declination angle (cotα), and actual declination angle (α) on a typical trial. (A) Ongoing 
heights of the ball and a fielder’s head and wrists on a typical trial. (B) even though the fielder’s head height varies considerably, cotα 
decreases linearly with time. The dashed line indicates the best-fitting regression line. (C) α follows a cotangent function, which does 
not vary linearly with time during the trial.
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tion. This projection plane remains perpendicular to the 
body-centered z-axis shown in Figure 2. The right y-axis 
of the figure represents cumulative vertical optical projec-
tion distance over which the ball image moves relative to 
background. The top x-axis represents cumulative lateral 
optical distance over which the ball image moves relative 
to background. When the interception task begins, optical 
ball position is set to (0,0), so all trajectories start from 
the origin. Because Dα and Dβ are very small, tangents 
of these angles are nearly identical to the original angles. 
Thus, optical path in the projection plane using a constant 
focal distance is identical to the path using optical angles, 
within resolution of the graph.

The linear relationship between lateral and vertical ball 
image movements along the viewer-based image plane 
accounted for a median of 98.2% of variance on all tri-
als, regardless of whether optical angle data or projection 
plane data were used in the statistical analysis. On every 
trial, the fielders navigated to maintain a linear optical 
trajectory in a rotating viewer-based image plane.

Figure 7B illustrates how the optical size of the ball in-
creases as the fielder approaches the interception point. 
Here, the best-fitting linear approximation always remains 
within a ball width of observed optical trajectory. The in-
creased size of the ball image allows its center to deviate 
more from the linear ideal while its edge remains close, 
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which could explain deviations in linearity near the end 
of trajectories.

COnClusIOn

In this work, we confirm that fielder behavior is consis-
tent with use of the same perceptual control heuristics for 

intercepting both moving airborne targets and ground-based 
ones. Despite vast differences in the physical behavior of 
such targets, in both cases fielders maintain constancy of 
optical speed (via OAC) and angle of the target (via LOT). 
The fundamental difference is that, in the case of airborne 
targets, fielders move to cancel out changes in the tangent 
of vertical optical angle—the algebraic equivalent to keep-

Figure 7. Typical optical trajectories in the rotated viewer-based image plane 
for intercepted ground balls. Change in ball position along the image plane 
remains quite linear on all trials. (A) Vertical and lateral optical ball position 
angles (α and β, respectively) in the viewer-based image plane. The bottom and 
left axes indicate β and α, respectively, defined as the sum of all instantaneous 
changes in optical ball position relative to the background. The top and right 
axes, respectively, indicate the lateral and vertical positions of the optical pro-
jection of the moving ball relative to its initial position on an image plane that 
rotates to be perpendicular with fielder gaze. Focal length was chosen at 1.5 m, 
the approximate eye height of a moving fielder. (B) Plot of a typical trajectory 
showing how the optical size of the ball increases as the fielder approaches the 
interception point. The best-fitting linear solution remains within a ball width 
of the edge of the ball.
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ing the target image moving at a constant speed along a 
virtual vertical image plane. In the case of ground-based 
targets, fielders move to cancel out changes in the cotan-
gent of vertical optical angle—the algebraic equivalent to 
keeping the target image moving at a constant speed along 
a virtual horizontal image plane. The OAC mechanism does 
not require that processing of optical speed take place in 
such vertical or horizontal image planes, but simply that the 
temporal pattern follow the equivalent constant change in 
tangent and cotangent functions.

The data also support a parallel strategy to keep the ball 
image moving along a linear optical path. In intercept-
ing both airborne and ground balls, a fielder moves later-
ally along a path that maintains approximate alignment 
with the ball, resulting in a linear optical trajectory along 
a viewer-based image plane that rotates to remain per-
pendicular with the gaze of the fielder. The fielder could 
accomplish this by keeping the ball image centered on a 
viewer-based reference frame while moving to produce 
local background flow in a constant direction.

This work supports the simultaneous use of multiple 
heuristics during navigation to intercept moving targets. 
This is consistent with research showing that observers 
use multiple sources of information to determine relative 
location of objects in static viewing conditions (Landy, 
Maloney, Johnston, & young, 1995). The use of multiple 
heuristics is also consistent with previous findings that 
both optical heuristics break down when targets become 
uncatchable (Shaffer & McBeath, 2002).

Past research showed that observers can use angle of dec-
lination to assess distance to objects and make judgments 
about locations in space (Ooi et al., 2001). The present 
study extends those findings in showing that observers can 
also dynamically control changes in angle of declination to 
guide them during ground-based interception tasks.

Past research in interceptive behavior has been limited 
by the difficulty of exactly measuring ongoing angles be-
tween observers and targets. The present use of a rapid- 
refresh, multicamera, 3-D motion capture system provided 
indisputable high-resolution measurements. With this pro-
cedure, we were able to confirm behavior consistent with 
the use of the optical control heuristics with the highest 
rate of variance accounted for to date.

Finally, the work has applied relevance. For example, 
in robotics our findings are directly applicable to naviga-
tion control algorithms being used to develop autonomous 
mobile robots. The simple geometric principles are easily 
programmed using optical control variables and can guide 
mobile robotic aids to navigate naturally toward or away 
from moving objects, as is needed in collision avoidance for 
the visually impaired. In short, the findings confirming the 
strategy of maintaining optical speed and direction for both 
airborne and ground-based targets support the proposal that 
these mechanisms are universal and domain independent.
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