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We describe simple heuristics, based on perceptual variables, that produce human-like trajectories
towards moving and stationary targets, and around moving and stationary obstacles. Interception of
moving and stationary objects can be achieved through regulation of self-movement to maintain a target

KEyWDTdS_-' at a constant eccentricity, or by cancelling the change (drift) in the eccentricity of the target. We first

Locomotion show how a constant eccentricity strategy can be extended to home in on optimal paths and avoid obsta-

\Gl\la_l(iqng cles. We then identify a simple visual speed ratio that signals a future collision, and the change in path
uldance

needed for avoidance. The combination of heuristics based on eccentricity and the speed-ratio produces
human-like behaviour. The heuristics can be used to animate avatars in virtual environments or to guide
mobile robots. Combined with higher-level goal setting and way-finding behaviours, such navigation
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heuristics could provide the foundation for generative models of natural human locomotion.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Human beings locomote through an environment with ease.
Whether travelling on foot, or by wheel, humans typically weave
around obstacles to reach target objects without incident, or
apparent effort. Recently, interest has developed [1-31] in the
algorithms or heuristics that underpin these behaviours (mobile
robot researchers began investigation into the same problem
somewhat earlier). This paper illustrates the power and potential
utility of simple heuristics in the guidance of locomotion. The heu-
ristics are based upon the pick up or regulation of two perceptual
variables, object direction [32] and object drift [33]. The heuristics
generate trajectories that resemble those produced by humans.
The heuristics have potential application in the generation of nat-
ural looking behaviour in simulations, virtual environments and
games; the guidance of mobile robots; and as reference models
in the study of human or animal locomotion.

When modelling a complicated control system such as a walk-
ing human it is necessary to choose between two approaches. The
first approach begins with data (i.e. empirical locomotion trajecto-
ries) and the other begins with the system (its known structure or
variables). Most researchers choose the former approach: they at-
tempt to fit empirical data with standard dynamical models and
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hope to end up with variables and parameters that are biologically
plausible. In this paper we adopt the second approach. We start
with perceptual variables to which humans have a known sensitiv-
ity and then use them to construct a model that generates human
behaviour.

A second decision in the development of such models is to de-
cide whether to attempt to simulate the whole system (taking into
account processing latencies, kinematic constraints, physical iner-
tia and so on) or to concentrate instead on the perceptual-motor
control laws. Here we take the latter option. We note that it is rel-
atively easy to extend the heuristics we describe to include pro-
cessing delays, perceptual noise and mechanical damping, and
we have demonstrated the robustness of the heuristics in a robotic
implementation elsewhere [34].

We begin by outlining how an observer can intercept a static or
moving target by maintaining the target at a constant egocentric
direction (‘eccentricity’), o, before discussing the trajectories that
result from implementing such a rule. In the next section we de-
scribe an alternative (but related) heuristic, cancelling target drift,
&. We then go on to describe how target drift, together with other
visual parameters to which an observer has access, can be used to
detect obstacles (i.e. determine whether maintaining the current
course will result in collision). Finally we describe how the identi-
fied variables can be used to solve the general problem of locomot-
ing through the world while avoiding stationary or moving
obstacles.

For brevity we will use the terms “observer” and “step”. The for-
mer term can be read as human or animal, simulated agent or
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robot. The latter should be considered to include not just the phys-
ical steps of a human, animal or legged robot, but also the discrete
perception-action cycles of a wheeled robot.

2. Intercepting static and moving targets
2.1. Maintaining direction

During locomotion, interception of a target is achieved if the
target is (i) kept at a fixed direction, o, relative to the observer
and (ii) the target gets closer on each step. The direction, o, at
which the observer maintains the target will determine the exact
trajectory taken. The trajectories that result from use of this heu-
ristic are equi-angular spirals.

The left panel of Fig. 1 illustrates a family of trajectories that
intercept a static target (see [34] for illustrations of a mobile robot
producing such trajectories). The same constant direction strategy
works if the target is moving. The middle panel illustrates a family
of constant direction trajectories that intercept a target moving
with a constant velocity. The right panel illustrates interception
of an accelerating target. Thus, a simple heuristic is able to guide
locomotion to intercept a static or moving target without modifica-
tion. Under this control strategy interception relies on the observer
perceiving and regulating a single degree of freedom, the egocen-
tric direction, o, of the target. A locomoting observer could select
any trajectory from the constant direction family and switch be-
tween trajectories at will. A comparison of the form of trajectory
generated by the heuristic described here and a real world trajec-
tory is shown in Fig. 2.

Unless an obstacle must be avoided there is an obvious advan-
tage to selecting a straight-line (o = 0°) trajectory. A straight-line
trajectory minimises the distance to be travelled, and hence the
time to reach the goal and the energy expended. Further during a
non-straight approach the curvature increases throughout the
course, requiring the modification of the trajectory on every step
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Fig. 1. Family of equi-angular trajectories to a target. All panels display a plan view,
with the observer starting at (0,0). Left panel, trajectories that would result from
closing on a target while holding it at a fixed egocentric eccentricity, o, of 0°, 5°, 10°,
20° and 40° (from left to right). Observer starts at (0,0), target is at (0,6). Holding
the target ‘straight ahead’, i.e. at 0° would produce a straight trajectory leading
directly to the target. Any trajectory based upon holding the target at an
eccentricity other than zero results in the observer ‘veering’ to one side before
finally reaching the target. Middle panel, intercepting a moving target. Target starts
at (0,6), and moves rightwards, observer starts at (0,0). Four fixed eccentricity
trajectories shown, —10°, 0°, 10°, 20° (from left to right). Right panel, intercepting
an accelerating target. Target starts at (0,6), and moves rightwards and downwards
with increasing speed (constant acceleration), observer starts at (0,0). Fixed
eccentricity trajectories shown are —10°, 0°, 10°, 20° (from left to right).
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Fig. 2. Shown in plan view is the trajectory taken by an American Football player
running to intercept an opposing player carrying the ball [49]. The starting position
of both players is towards the bottom of the figure. Interception is shown towards
the top of the figure. The intercepting player starts from a position to the right.
Overlaid is the trajectory generated by a program that is based on the heuristics
described here. Figure is provided for illustrative purposes only, to show that our
heuristics can generate “human-like” trajectories.

and challenging the observer’s stability (due to lateral accelera-
tion). However under some circumstances it might be preferable
to take a non-straight trajectory. Common cases might be when
the observer wishes to bypass an obstacle located between the ob-
server and the target (see below) and when the observer wishes to
avoid an abrupt change of course.

2.2. Target drift and overcompensation

As noted by Llewellyn [33]: from simple geometry, if the target
is to the left of straight-ahead (which is assumed to be coincident
with the locomotor axis) then as the observer moves forward the
target will drift left. If the target is to the right of straight-ahead
then the target will drift right. If the target is only a little away
from straight-ahead then the target will drift slowly, if it is a long
way away then it will drift rapidly. The rate of drift is the time
derivative, &, of the quantity «, defined above.

2.2.1. Overcompensation

If on each step, when the target drifts, the observer rotates so as
to maintain the target at the same direction (‘compensates’ for the
drift) then the observer will follow an equi-angular spiral to the
target (as in Fig. 1). However, the observer could ‘over-compensate’
- for example, if on one step the target drifts A« degrees left, in-
stead of rotating Ao degrees left (compensation) the observer ro-
tates twice that amount, 2A« degrees left (200% compensation or
over-compensation). If the observer uses this strategy she will
end up reducing the eccentricity of her trajectory, and thus
straightening the trajectory, until the eccentricity reaches zero or
perhaps oscillates by a small amount around zero. This is illus-
trated in Fig. 3.

It can be seen that with overcompensation the trajectory can
straighten rapidly (Fig. 3, left panel). The higher the ‘gain’ or the
magnitude of the over-compensation, the more rapidly the trajec-
tory straightens. In the example shown, with the 200% and 400%
approaches, the egocentric target direction, «, can be seen to de-
crease during the course of the approach trajectory (Fig. 3, right pa-
nel). The precision (and latency) of the drift estimates and the
turning responses will place an upper limit on the magnitude of
the gain if the system is to remain stable. This is basically a visual
servo mechanism that uses the drift as an error measure and then
applies proportional control to correct for the change in direction
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Fig. 3. Over-compensation heuristic with a static target. Left panel, plan view, observer heads towards the target (0,5). Right panel, egocentric direction of the target, o,

during the course of the approach. Initial target direction, o, is 25°. Crosses indicate 100% compensation (a fixed angle, equi-angular spiral trajectory) for target drift.
Diamonds indicate 200% (over-) compensation, plus symbols indicate 400% compensation.

of the target. Note that it is important for convergence of the path
to ensure that the corrective turns are not included in the drift sig-
nal. In other words on each step the observer should calculate the
correction, turn and then move forward monitoring & during the
forward motion.

A similar solution works for interception of a moving target.
In the left panels of Fig. 4 it can be seen that the interception
trajectory straightens with increasing gain. The right panels plots

the egocentric direction of the target, o, as a function of time.
Note with a moving target the optimal target direction may
not be o = 0; keeping the target straight-ahead will not necessar-
ily generate a straight line trajectory to the target (see Fig. 4).
The over-compensation heuristic converges not on o=0 but
rather on the optimal value, the value that generates a

straight-line trajectory toward the predicted future location of
the target (see Fig. 4).
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Fig. 4. Over-compensation heuristic with a moving target. Left panels, target starts from (0,5) and moves laterally with a speed of 0.5 m/s. Observer starts at (0,0) and moves
at 1.5 m/s. The initial direction of observer travel for the top panels is 15° to the left of the starting position of the target and in the bottom panels, 15° to the right. Crosses
indicate 100% compensation, diamonds indicate 200% compensation, plus symbols indicate 400% compensation. Right panels show how the egocentric angle of the target

changes during the course of the trajectory.



108 S.K. Rushton, R.S. Allison/Displays 34 (2013) 105-113

2.2.2. Target drift in the calibration and prediction

An alternative to using ¢ to directly guide locomotion is to use it
in calibration or prediction. Let us first consider the role of & in
calibration.

The ability to rotate and place a target straight-ahead is depen-
dent upon a calibrated system for perception of direction. In the
case of humans, laboratory studies indicate that there is drift in
the signal for eye-orientation used in the perception of direction
[35]. A robot with a mobile head is likely to also suffer calibration
problems. We can reverse the logic of the drift-cancellation strat-
egy described above: if a static object is not drifting during forward
locomotion it is straight-ahead (aligned with the locomotor axis).
Therefore an observer could notice when this occurs and recali-
brate straight-ahead accordingly. Alternatively the observer could
use the over-compensation strategy outlined above and when
the target stops drifting simply reset the direction system with that
direction as zero.

Another way to use ¢ is in the prediction of «. Rather than main-
tain o =k, the observer could maintain, o + & - At = k.! Prediction
would reduce the amount of drift that would occur between steps.
The observer would follow successive chords of the equiangular spir-
al rather than the tangents to the spiral curve that they follow in the
non-predictive approach. As a result they would tend to travel a path
interior to the continuous-time spiral rather than outside and, as At
was increased, the path would straighten.

2.3. Target direction and target drift

To summarise the last two sub-sections, we have two simple
heuristics for interception of targets (either moving or stationary):
If an observer wishes to reach a target she can regulate her locomo-
tor direction so as to keep the current (or predicted) egocentric
direction of the target, «, constant. From the observer’s current po-
sition to the target there is a family of possible trajectories. An ob-
server can switch from one trajectory within the family to another
(for example to avoid an obstacle) by simply changing the direction
at which the target is maintained. If the target is stationary and ob-
server wishes to take the optimal straight-line path to the target
then she need simply rotate so that the target is straight-ahead
(oe=0) and then maintain that target direction. If the target is mov-
ing no such simple solution exists.

Alternatively the observer can regulate the temporal derivative,
a, or drift-rate. By cancelling target drift she will reach the target
by an equi-angular spiral (as in the constant direction strategy
above). If the observer over-compensates for target drift she will
straighten the trajectory she takes towards the target.

Both the constant direction and the cancel drift heuristics are
very simple to implement and “computationally cheap”, requiring
regulation of only a single visual variable in each case. Further-
more, it is an attractive property of the heuristics that they gener-
alise to the moving target case without additional control
principles or heuristics. In contrast, models of behavioural dynam-
ics which use a differential equation approach to fit parameters to
empirical trajectory data (e.g. [7]) become increasingly compli-
cated with additional task complexity.

3. Obstacles - detection and avoidance

To successfully move around in an environment it is also neces-
sary to avoid obstacles. In this and the following sections we show
that the heuristic suggested above for target interception can also
be used to avoid obstacles.

1 A more complex prediction that estimates the distance and direction is possible.
This would require use of additional information [36].

As already noted, if an obstacle is detected then the observer
can bypass it by simply changing the egocentric direction, o, at
which the target is maintained. Examine the left panel of Fig. 1.
If there is an obstacle at (0,3) and the observer is currently on an
o = 0° approach, she could switch to a o = 30° approach to the tar-
get and pass clear of the obstacle. An important point to note here
is that the observer need not switch to an avoid-obstacle procedure.
At an implementational level a reach-target process could run con-
tinuously, the obstacle-avoidance process would just intermit-
tently change the target value of o (maintain direction strategy),
or inject a rotation of the observer (cancel drift strategy), thus
“pushing” it onto a different trajectory (see Fig. 5).

To avoid an obstacle it must first be detected. As noted, if the
observer regulates her locomotor direction to maintain the target
at a fixed direction, o, she will arrive at the target. This heuristic
can be reversed to avoid obstacles - if the observer regulates her
locomotor direction so that the obstacle does not remain at a fixed
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Fig. 5. Adapted with permission from Ref. [7], published by the APA. Shows the
mean trajectory taken by an observer walking towards a target and avoiding an
obstacle. Trajectory, obstacle and target are shown in plan view. Starting position is
towards the bottom of the figure, the target towards the top and the obstacle
towards the middle. Overlaid is the trajectory generated by a program that is based
on the heuristics described in Section 3. Figure is provided for illustrative purposes
only, to show that our heuristics can generate “human-like” trajectories.
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direction, «, then she will avoid the obstacle. This rule would be
sufficient to avoid collisions if both the observer and the obstacle
were simple points. However, in the natural world objects (and
the observer) are not points, they have a non-zero width.

First consider obstacles of differing extents and shapes. A very
simple solution to avoiding objects of non-zero extent is to steer
with respect to the object edges: Rather than monitoring the centre
of the obstacle and then scaling the turning response based upon
the width of the object a heuristic can work on the boundary edges
of the object. If the observer avoids visible obstacle edges (by vis-
ible edge we refer to the bounding or ‘silhouette’ edge in the image
rather than an edges defined by the object shape) then the solution
works irrespective of the shape and size of the obstacle: silhouette
edges constrain the maximal extent of the object or its ‘visual hull’
[37]. This solution is also in-line with a recent proposal regarding
human perceptor-motor control during grasping movements [38].

Next we turn to the more difficult problem, the problem that
observers do not have a non-zero width. The solution we propose
is based upon a speed ratio, a ratio of two visual parameters.

3.1. Useful speed ratios

If & equals zero then the observer is on a head-on collision
course; if & does not equal zero then the observer is not on a
head-on collision course. However, presuming the observer has a
non-zero width, if the value of |&| is only slightly greater than zero,
the observer might be on course for a brushing collision. We can
calculate a critical value, such that if |¢| is higher, the observer will
travel safely past the object, if it is less than the observer will col-
lide. Regan [39] pointed out that the ratio &/¢, where ¢ is the rate
of change of binocular disparity, is approximately proportional to
the future passing distance of the approaching projectile, where
passing distance is defined as the distance to the left or right at
which the object passes the observer (see [40] for an equivalent
equation based upon optical looming). The multiplier needed to
turn the ratio into a distance (the constant of proportionality) is
the interocular separation, I.

Xe=1-0/¢ (1)

Therefore an animal or robot with a binocular-vision system
could use this ratio to directly determine the distance X, at which
an approaching object will pass.?

When the approaching object is travelling over a flat ground
plane towards the observer we can substitute p, the change in ver-
tical direction of the bottom edge of the object, for ¢ [34]. Note that
now the constant of proportionality (“multiplier”) is the height of
the eye or camera, h:

X =h-a/p )
Rearranging Eq. (2):

Xe
Ré =2 = 3)

where R* is the value of the ratio for a passing distance of X (of
course the same quantity can be derived using ¢ and I). If the abso-
lute value of the speed ratio (Eq. (3)) for an object is greater than a

given threshold RT - perhaps corresponding to a safe crossing dis-
tance threshold, X7, of 1.5 times the radius of the observer - then

2 In all the equations and simulations we use a longitude-latitude coordinate
system to express directional coordinates in optic arrays (although the analyses
generalise to other coordinate systems after suitable modification of the equations).
In this system, lines of constant horizontal angle or azimuth correspond to vertically
oriented lines of longitude on a spherical projection surface (such as the retina) and
lines of constant vertical angle or elevation correspond to horizontally oriented lines
of latitude.

it can be assumed that the observer will safely pass the object if
the current course is maintained. If the speed ratio is less than
the threshold then the object is on a collision course and so avoid-
ance action needs to be taken.

In the surface plots in Fig. 6 we use the speed ratio to determine
collision areas - the areas in the environment in which the observer
will collide with stationary objects if the current course is main-
tained. In the shaded areas the speed-ratio is below a critical value,
R". The observer will hit objects within the shaded area unless a
course change occurs.

Moving obstacles are not identified by falling within the colli-
sion areas. Moving obstacles on a collision path are indicated by
their speed ratio. If an object is currently away from the intended
path but is on a collision course then its speed ratio will be below
the critical threshold. Similarly, an object moving away from the
danger zone will have a speed ratio higher than the critical thresh-
old. This is illustrated in Fig. 7. Fig. 7 is a flow-field representation
of the scene with the moving eye or camera as the origin. The
speed ratio is indicated by the angle of the motion vector. The col-
lision area for static objects is the area bounded by the dashed lines
(compare to left panel of Fig. 6). Moving objects outside of the area
may collide with object (see dotted vector to the left of the figure),
and moving objects within the area may miss the observer (see
dotted vector towards centre of figure).

Moving objects such as those illustrated in Fig. 7 should be de-
tected effortlessly by a human observer. Recent experimental work
has shown that objects moving within a scene “pop-out” [41]; it
appears that the visual system is able to parse retinal motion into
components due to self-movement and components due to object
movement [41-48]. A robot system could similarly use optic flow
processing to isolate and identify objects moving within the scene.
Once a moving object has been detected its speed ratio can be as-
sessed for indication of a future collision.

Previously in the paper we referred to observers moving on
equi-angular spirals towards a goal. This begs the question, does
the visual speed ratio identify potential obstacles when the obser-
ver is on such a trajectory? The simple answer is yes. A slightly
modified version of the speed ratio is:
R 2+ 0/2) )

1Y
where w is the angle through which the observer turned during the
last step to maintain one’s locomotor axis tangent to the curved
path. A derivation of this equation is provided in the Appendix.
Fig. 8 shows the use of this ratio during movement along an equi-
angular spiral trajectory towards a target.

It can be seen that potential obstacles in the immediate vicinity
are clearly identified. To understand intuitively why the collision
area surrounds the future path, decompose a curving path into
its two components: Considered instantaneously, a curving course
can be thought of as a linear translation plus a rotation about a ver-
tical line passing through the body. The rotation adds a constant
motion component vector across the field. As the magnitude of &
and p vary as a function of distance, the addition of a constant to
& has a differing effect on the ratio, &/p, as a function of distance.
In Eq. (4), » can be estimated from either retinal or extra-retinal
information, or a combination of the two. Unfortunately the addi-
tion of the /2 term means that R is not locally specified in the ret-
inal flow field.

3.2. The turning function

Now we consider how we can generate an appropriate turn-
ing response from the speed ratios described above. We will
work through the problem of making a robot turn. A biological



110 S.K. Rushton, R.S. Allison/Displays 34 (2013) 105-113

5 5 5
4 4 4
3 3 3

Z (metres)
n

Z (metres)
n

Z (metres)
n

X (metres)

X (metres)

X (metres)

Fig. 6. Plan views of observer on straight, diagonal and constant curvature paths. Dotted line shows future path, shaded area is ‘collision area’, the portion of space in which
an object would have a speed ratio below the “safe ratio”. Simulations assume a binocular observer with an IPD of 6.4 cm, a radius of 40 cm and a “safe ratio” of 1.5 times the
radius (60 cm). In each panel inner disc indicates radius of the observer, outer disc indicates “safe distance”. In all cases it can be seen that the space defined by the safe ratio

anticipates the future path.
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Fig. 7. Flow field representation. Motion vectors seen from eye of moving observer.
Vector angle in the flow field indicates the path of the object relative to the
observer. The observer would collide with any static objects within the area marked
by the dashed lines which define the collision zone. The moving object directly
ahead of the observer (dotted vector originating at approximately (0,—0.6)) would
pass by the observer. The moving object to the left (dotted vector originating at
approximately (—1.5, —0.8)) is on a collision course.

system may pick up &, p, and ¢ directly. Therefore it could base
its turning on ¢&/p or one of the equivalent ratios. A robot with a
single camera would not have access to binocular disparity, ¢,
and so we will use p. Also, unlike biological systems, robotic sys-
tems do not normally sense speeds - &, p - directly so we will
use Ao (change in lateral direction), Ap (change in vertical direc-
tion) and Ao/Ap instead.

If the ratio Aat/Ap is less than a safety threshold, R”, this indi-
cates that the obstacle will collide with the observer. To get the ro-
bot onto a trajectory that will avoid the obstacle all that is required
is to change the eccentricity of approach towards the target. The
change in eccentricity (An) should be sufficiently large to push
the ratio, Aa/Ap, to the threshold safe ratio, R’, so:

‘(AocAerAr])’ R (5)
The above equation can be re-arranged as:
R'Ap—Ao  0<f2<R
An={0 >R (6)
~R'Ap—Ax 0>42> R
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Fig. 8. Plan views of observer on an equiangular spiral path. Dark line shows future
path, shaded area is ‘collision area’, the portion of space in which an object would
have a speed ratio below the “safe ratio” for three positions along the trajectory.
Simulations assume an observer (green disc) with eye height of 40 cm, a radius of
10 cm and a “safe ratio” of 2 times the radius (20 cm). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

This equation can be re-written in terms of the quantity, Ao/Ap,
used above:

(R" —32)Ap
An=<0

Ax T
0<A_p§R

>R (7)

—(R"+49Ap 0>42> —R'

This equation states that the change in eccentricity necessary,
A, is a function of the difference between the desired value (RT)
and the current value (Aa/Ap). This value is large if the object is
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Fig. 9. Surface plot showing turning response as a function of object position. As
with Fig. 4, inner disc indicates radius of the observer (40 cm radius), outer disc
indicates safe distance (60 cm radius). Simulation assumes observer with binocular
vision and inter-ocular distance of 6.4 cm. Vertical axis indicates turning rate as a
function of the position of a stationary virtual object relative to the observer. The
magnitude of the response decreases with the distance in both the lateral and
forward (coincident with the direction of travel) directions.

close to the future path. The change in eccentricity also depends on
the quantity Ap. Ap is proportional to the speed of approach and is
inversely proportional to the distance away. This quantity is large
if the object is nearby. As a result of these considerations we should
expect the largest turning rates to occur if the obstacle is on or
close to the future path trajectory and collision is imminent.

Fig. 9 shows a surface plot for the turning function. R? is set at
60 cm which is 1.5 times the radius of the observer (40 cm). The
surface plot is based upon the ratio, &/¢ , which involves binocular
disparity, but we remind that a similar plot can be generated based
on the ratio &/¢. As is expected, static objects that are close to the
observer and that lie directly on the future path generate the most
pronounced response. The turning function attempts to swing to
the right of objects that will pass near and to the left and attempts
to swing to the left of objects that will pass near and to the right.
This minimizes the extent of the avoidance manoeuvre and pro-
vides the best chance of avoiding the obstacle.

The surface plot shown in Fig. 9 can be compared to those pro-
duced by other locomotion guidance algorithms (e.g. [7]). The gen-
eral shape is very similar, but the equations from which the
surfaces have been computed differ considerably in complexity.
We also stress that the variables in Eq. (7) are directly available
in the visual flow field, and the constants are simple body scaled
parameters.

4. Discussion

The description of heuristics based upon egocentric direction
and target drift may inevitably raise some questions regarding
the specifics of implementation. We discuss a few of the more
interesting or important issues below, and for others we direct
the reader to [34] that described the implementation of an earlier
variant of the heuristics described here.

4.1. Multiple obstacles

Most scenes contain more than a single potential obstacle.
There are two ways to deal with multiple obstacles: either all

obstacles could be taken into consideration in the selection of tra-
jectory, or alternatively obstacles can be avoided one at a time. Pre-
vious simulations suggest that the second approach is sufficient
[34]. The decision that remains is how to select which obstacle
to attend and respond to. Obstacles can be prioritised on the basis
of current distance from the robot, anticipated distance (taking
into account approach speed), temporal distance, or closeness to
the robot’s path. Subtle differences in performance will result
dependent upon the choice, but in many situations the results will
be equivalent (for example, with static obstacles the object which
is closest in distance is also closest in time).

4.2. Left vs. right decision rules

Consider an observer approaching an obstacle. The robot could
change the eccentricity of its target approach so as to pass to the
left or the right of the obstacle. How should it decide? The simple
solution described above suggests that it should swing to the left of
objects that will pass near and to the right, and swing right of ob-
jects that will pass left. However, when the observer is already on a
curved path there are additional considerations of time and effi-
ciency. The solution we used in our robotic implementation [34]
was as follows:

e Our first rule says that it should take the route that requires the
smallest change in eccentricity of approach.

o If there is little difference between going left or right then our
second rule says it should take the route that reduces the eccen-
tricity of the current approach (gets it closest to zero or straight-
ahead).

By varying what constitutes “little difference” the two rules can
be traded-off.

4.3. Loss of view of the target

If the view of a target is transiently lost then it is of no great
consequence, if the robot continues with the same velocity then
it will remain on approximately the path to the target and any
(small) corrections can be made once the target is back in view.

4.4. Dead-ends

The heuristics proposed here will not function if the robot finds
itself in a dead-end or faced with a gap between two obstacles that
is too small to get through. We do not see this as a shortcoming. If a
human finds themselves if such a situation they normally stop and
then reason about the situation.

5. Conclusions

In this paper we have described simple heuristics that can be
used to guide an observer around a scene: a heuristic for intercept-
ing targets (constant eccentricity approach); straightening paths
(overcompensation); and detection and avoidance of obstacles
(speed ratio). Using the avoidance algorithms with visible object
boundaries makes the solution independent of object size and
shape.

The heuristics we propose are simple and general purpose.
Additionally, they have the advantage of being based on variables
that are directly available to the biological or machine visual sys-
tem. The heuristics produce human-like behaviour and can be used
to guide robots [34] or simulated agents. They may also have some
explanatory power when applied to biological systems.
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Appendix A. derivation of Eq. (4)

Assume for convenience that we align the coordinate system so
that the object of interest is at oo = 0. Let D be the radial distance of
the object and h be the eye height

h

D) @pm  _sin(p(t)) - cos(p(t))
TP = D'(t)  p.-pWsecpw) —p'(t)
T tan?(p(t)

where TTP is the time to passage for the object across a line through
the eye, perpendicular to the direction of the object (and p is the
vertical direction of the bottom edge of the object - see main text).
The negative sign arises since distance should be decreasing for a
positive TTP.

_h-tan(a(t))

h-a(t)
0= "in(p(0)

sin(p (1))

o

the small angle approximation for tan(e) is justified by our choice of
coordinates which ensures o is near zero

_ h-ol(t) - sin(p(t)) — h - a(t) - cos(p(t))

X'(t)

sin’(p(t))

o ot
= sin(p(0))
Substituting

. _ heo(t) sin(p(t) - cos(p(t))
Xe=X(O-TP=Gntoe) — —p®

. (D) cos(p(t))

p'(0)

o _p %0
=

The last approximation ignores the cos (p) which leads to little
error for modest p but overestimates the crossing distance some-
what when the object is very near (by about 40% if the object is
1 eye height away).

Fig. A1. Geometry when taking a curved path.

A.1. On a curved path

Instantaneous direction is tangent to the curve specifying the
future path along a constant radius of curvature path (by
definition).

Form a circle tangent to the current direction with current ra-
dius of curvature. Circle is centred at C. Target is at T and current
position is P. Let P’ be opposite (antipodal) to P on the circle (see
Fig. A1).

By fundamental theorem of geometry (central angle theorem)

/PCT=2-/PPT
The visual direction of T is

ZP'CT
2
Let w be the rotation around the curved path that will take us
from P to T. Assume the observer now makes a small movement
along the path (i.e. along the arc). This will change the path length
between the target and the observer by a small amount which can
be expressed in terms of the change in rotational angle dw

o =90— /PPT =90 —

azgo_M:w/z
2
o _1
do 2
or on each time step
Aa:%-Aw

that is, the target drifts at ¥4 the rate we traverse the circle. All
points on future path will have a rate of change of visual direction
of ¥2 the change in direction of travel on each step. We want targets
on the future path not to drift so to compensate we need to com-
pensate by subtracting %2 the turning rate. This is the controlled
parameter and is therefore available to the observer or could be
estimated from the optic flow.
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