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Abstract

In nature, the visual detection of motion appears to be
used in a variety of tasks, ranging from collision
avoidance to posture maintenance. Many insects seem to
rely primarily on information provided by an array of
elementary movement detectors in order to navigate.
Moreover, experimental evidence suggests that motion
information is interpreted at an early stage of the insect
visual system, and may be closely linked to motor control.

A motion detector, whose design is based on some of
the characteristics of the insect visual system, has been
implemented on a single VLSI chip. This paper shows the
manner in which motion information, provided by the chip
in real-time, may be utilised by the control system of an
autonomous vehicle in low-level perceptual tasks.

Key words - Motion perception, navigation, insect
vision, VLSI, sensing, micro-sensor.

1: Introduction

Motion perception is of critical importance for a wide
variety of tasks involving quite different behavioural
aspects, such as collision avoidance and posture
maintenance. The detection of motion thus appears to play
a fundamental role, firstly as a provider of cues from
which structural information about the environment is
obtained, and secondly as a stimulus affecting behaviour
(see [1] for a comprehensive review).

While some species benefit from stereopsis to perceive
depth, other species who do not have binocular vision are
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nonetheless able to navigate efficiently in a three-
dimensional environment. A monocular cue, motion
parallax, provides information about the position of a
moving observer relative to objects or surfaces, and is
most notably used by some insects [2]. Also, in order to
distinguish objects from the background, insects appear to
use the velocity differences on the retinal image induced
by peering motion [3].

In spite of being equipped with a relatively limited
visual system, insects such as bees and flies are
remarkably adept at controlling their flight paths [4], thus
lending support to the feasibility of linking the motor
control of an autonomous vehicle to the interpretation of
visual motion information.

A VLSI motion detector based on the insect visual
system is briefly described and experimental results are
presented. While other workers have considered various
schemes based on insect vision (see [5][6]1[71[8] for
instance), this work represents a world first VLSI single-
chip smart sensor solution. Two algorithms for estimating
relative angular velocity from the chip response are
introduced, and possible ways in which velocity
information may be further interpreted are shown. Finally,
the manner in which motion information may be used by
the control of an autonomous vehicle for navigational
purposes are discussed.

2: System overview

‘We have developed a VLSI chip, dubbed the “bugeye”,
which detects and interprets changes in contrast in order to
provide directional motion information in real-time. The
design is based on the insect visual system, and
implements the “template model”, a motion detection
scheme proposed in [9].

As illustrated in Figure 1, the scheme consists of
combining spatially and temporally the responses of light
detectors to changes in contrast. In the presence of motion,
which is detected in a single spatial dimension, some of



the combinations, hereafter referred to as “templates”,
indicate both the direction of motion and the polarity, i.e.,
the sign of the change in contrast, which is bright-to-dark
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Figure 1 Example of template formation

The architecture of the bugeye has been described
previously in [10]. Briefly, the chip comprises a linear
array of 61 photo-receptors, onto which light is focused
through a cylindrical gradient index lens whese focal
plane coincides with the chip surface (Figure 2). As the
separation between adjacent photo-receptors corresponds
to one degree of visual angle, the total aperture of the
bugeye is 60 degrees, although the lens aperture itself is 72
degrees.

72 degrees

chip surface

photo-receptors

Figure 2 Gradient index lens characteristics

The photo-receptor output voltages are sampled at a
rate of approximately 10 milliseconds, and fed into an
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array of analog contrast change detectors which compare
the present values to the previous. The change detector
outputs are then thresholded, providing digital signals
which indicate whether the corresponding contrast has
increased, decreased, or remained constant (see [11] for a
description of the analog circuitry). The digital signals are
stored in order to form the templates described previously,
by combining adjacent responses at consecutive sampling
instants.

At each sampling time, 60 templates are thus formed in
parallel. The templates are then multiplexed and encoded
serially by the template memory into 4-bit quantities, and
stored into the save memory. Concurrently, an on-chip
processor detects the occurrences of pre-defined target
templates and tracks their displacements from one
sampling instant to the next. The design of the original
processor, however, has been superseded by new tracking
algorithms based on experimental results (see Section 4),
and hence, the on-chip tracking processor will not be used
subsequently. Figure 3 depicts the internal architecture of
the chip, which was fabricated using a standard double
polysilicon, double metal, p-well 20 CMOS process.
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Figure 3 Internal architecture of the bugeye

The templates, which are stored sequentially in the save
memory, can be accessed externally in between sampling
instants. A memory address thus corresponds to the
angular position of a template, i.e., the contents of the first
address pertain to the template formed from the responses
of the first two detectors, the second address pertains to the



responses of the second and third detectors, and so forth.
Note that the 4-bit template encoding is defined by the
contents of the template memory, and may be changed at
will.

3: Experimental results

For experimental purposes, the bugeye is interfaced to
a computer which controls the sampling signal as well as
memory accesses. Since the computer is operating at
several mega-Hertz, reading and displaying or processing
data obtained from the bugeye can be accomplished in
between sampling instants, thus in real-time,

The response of the bugeye to the motion of a dark
object on a lighter background is illustrated in Figure 4. In
between sampling instants, templates are read sequentially
from the save memory and printed on a single line as
hexadecimal numbers (except for the “no motion”
template, which is printed as a dot). The vertical and
horizontal axes therefore represent sampling instants and
angular position respectively, and hence the response is
shown as a spatio-temporal image. The template encoding
is arbitrary. Thus, templates 7 and E, for instance, only
occur when the motion is to the left and there is a bright-
to-dark contrast change, while templates 3 and B indicate
motion to the right.
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Figure 4 Template response (dark object in front
of light background)
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Experimentation has shown that the bugeye can detect
motion up to approximately 8 metres away, and under
lighting conditions ranging from dimly lit to normal
daylight.

4: Velocity estimation

The experimental results show that a moving object (or
edge) consistently causes the same motion sensitive
templates to occur at subsequent time steps, and at
positions corresponding to the displacement of the edge
relative to the detector. Notwithstanding a correction
factor due to the optical aberrations of the lens, the angular
velocity may be estimated by evaluating the ratio of the
displacement of a motion sensitive template, to the time
between the template’s occurrences (i.e., in Figure 4, the
angular velocity is angular displacement/AT).

Two algorithms for estimating velocity in real-time
have been developed and tested. The first algorithm,
forward tracking [12], is based on the premise that if a
moving edge causes a motion sensitive template to occur
at a certain position, then the same edge will cause the
same template to eventually occur nearby, ie., a few
positions further within a maximum range, and in the
direction indicated by the template. Therefore, by keeping
track within a fixed time “window” of previous (small)
displacements, and of the time steps at which they
occurred, the velocity is provided by the ratio of the sum
of the displacements, to the size of the window.

Figure 5 depicts an example of the template response to
an object moving to the right. Two motion sensitive
template targets, 3 and 5, are detected first at time steps
153 and 156, respectively. The current position of each
target, and the sum of that target’s previous displacements
within the tracking window, are shown at each time step.

0 10 —> position

151 { -=(--) 3 --(--)
152 (- 3t (=)
153 ~~(~-) 3: 8(0)
154 () 3 9(+1)
155 “=(-=) 3: 9(+1)
156 7(0y 31 10(+2)
157 7¢0) 3: 10(+2)
158 7(0) 31 11(+3)
159 7(0) 31 11(+3)
160 8(+1) 3 11(+3)
161 8(+2) 3: 13(+5)
162 9(+2) 3: 13(+4)
163 a(+2) 3 14(+5)
164 10(+3) 3: 15(+5)
165 11(+4) 3: 16(+6)
166 12(+5) 3: 16(+5)
167 12(+5) 3: 16(+5)
168 12(+4) 3: 17(+6)
169 13(+4) 3: 18(+5)
170 1 14(+5) 3: 18(+5)
171 : 14(+5) 3: 18(+4)

window at time 170 displacement

(window depth is 8) current position

Figure 5 Forward tracking example



This scheme implies that a track may be lost due to the
velocity of a moving edge being greater than the limit
given by the maximum range, divided by the sampling
period. It should be pointed out, however, that biological
visual systems appear to make a similar assumption [13].
In other words, motion is not considered to be coherent if
the “interframe” displacement of a moving object is
beyond a certain limit.

The second algorithm, proposed in [14], is based on the
observation that motion sensitive templates occur in pairs
which can be classified as “motion conjugate”. These
templates should, in principle, occur simultaneously, as
illustrated in Figure 6a, where a bright edge is moving to
the right. In the example of Figure 6b, the conjugate
templates of motion sensitive templates E and B are 7 and
3, respectively.

(a) Formation of motion conjugate pairs
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Figure 6 Motion conjugate templates

The search algorithm thus consists of analysing the
previous history of template responses contained in a
“first-in, first-out” (FIFO) memory of fixed depth. After
each sampling pulse, the latest template responses are
stored in a row containing sixty 4-bit locations, and the
earliest row is shifted out of the memory. The latest row is
then examined sequentially, and each time a motion
sensitive template is found, the alternating sequence of
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conjugate templates is back-tracked in the previous rows
of the memory. The angular velocity of a detected edge is
then estimated from the beginning and end points of the
corresponding track.

Both algorithms have been devised with a view to
being implemented in hardware, but employ somewhat
different resources. For instance, the back-tracking
algorithm requires a fairly large memory which is
controlled centrally, while the forward tracking algorithm
can be implemented with a few registers and some simple
control logic. However, the forward algorithm can only
track one edge at a time, and hence, in practice, several
tracking “engines” would be required. Therefore, it is
debatable whether the overall hardware requirements

would vary widely.
In terms of performance, the forward tracking
algorithm  produces more  consistent  velocity

measurements than the other algorithm, due mainly to the
fact that the displacement from one step to the next is at
most equal to the maximum range. The back-tracking
algorithm, on the other hand, is able to track any number
of edges, and is better suited to tracking edges close to the
sensor (i.e., fast relative motion).

5: Range estimation and time to impact

As suggested in the introduction, motion parallax may
be used to evaluate distances between a moving observer
and objects in its environment.

object .
. R direction
. of motion
R = vXsimne \\ 0] )
do e
dt y
observer

Figure 7 Range from self-motion

In the example of Figure 7, the distance R between the
sensor and an object may be obtained from the angular
position (@) of the object with respect to the sensor’s
direction of motion, the relative angular velocity (dg/dt),
and the sensor’s own velocity (v).

Relative velocity measurements may also be utilised to
provide information concerning the presence of objects in
the environment. In particular, when the sensor is on a
collision course with an object, the edges on either side of
it should appear to move away from each other. The time
to impac(T) may then be estimated directly from the angle
subtended by the object and the rate of angular expansion.



The “ideal” case is depicted in Figure 8, where the heading
direction of the sensor is towards the centre of the object,
while Figure 9 shows a more general case. For small
angles, the case of Figure 8 simply reduces to Hoyle’s
formula [15].

\ ! 1_sin2
o T = - x 2029

N dt

observer

Figure 8 Time to collision (simple case)

object surface S

distance travelled
between current
time (f,.) and

previous time (tp)

Rsin (¢, -9,) = dsing,

if v is the velocity of
the sensor relative
to the object, then:

T, = and ¢,

sin@, X cos @,

and therefore: -
sin (@, - ¢,)

T, = (tc—tp) X

Figure 9 Time to impact (general case)

It should be pointed out that, strictly speaking, T4 in
Figure 9 is not the time to impact but instead the time the
observer would take to reach point A which is in front of
the object. Nonetheless, this result is quite remarkable
considering that neither the sensor’s motion, nor the
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distance between the sensor and the object are known. It is
worth pointing out that sensitivity to this “looming” effect
is biologically plausible (see [16] for instance).

6: Looming and track association

The looming phenomenon may be detected with the
bugeye by noticing that the moving edges are of identical
polarity. For instance, if the object is dark with respect to
the background, the motion templates detected to the left
and right would indicate bright-to-dark changes in
contrast. Figure 10 shows an example of a looming
picture, which also corresponds to the case of Figure 9, as
the angular velocity of the edge on the right-hand-side is,
on average, slower than its counterpart to the left.
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Figure 10 Template response to looming object
(the relative heading direction is in the centre of
the visual field)

The detection of looming illustrates one example of
interpreting velocity measurements by taking into account
the polarity information conveyed by the templates. In
general, if an object’s contrast with respect to the
background is reasonably constant, and if the object is
wide enough or close enough to the sensor, relative motion
should elicit the detection of at least two edges.

The simple cases shown in Figure 11 differ only in
terms of polarity (i.e., changes in contrast) and directions.
Therefore, detecting such conditions consists of
associating pairs of tracks on the basis of the absolute
velocities being similar, and on identifying the
combinations of changes in contrast.

It should be pointed out, however, that associated
tracks do not necessarily correspond to edges belonging to
the same object, particularly in the case where the sensor
is rotated about its central axis (“panning” motion), and all
the objects in the environment are static (see further).
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Figure 11 Tracks produced for different heading
directions

The track association mechanism can be implemented
with a matching comparator, a storage element, which
could be a simple capacitor, and a thresholding device, or
amplifier (Figure 12). At each time step, closely maiched
velocities cause “charges” to accumulate in the storage
element. Conversely, if matching is insufficient, charges
“leak” from the storage element. The latter thus reflects
the past history of velocity matching, and controls the
input to the thresholding device. Therefore, if velocities
have been similar for a reasonable number of time steps,
the accumulated charges reach the device’s threshold
value. The output state of the device then changes (or
“fires™), thus indicating that velocities are matched.
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Figure 12 Charge build-up model

This mechanism may be viewed as a crude “charge
build-up” neuronal mechanism, whose dynamics are
inspired from a biologically plausible model (see [17]). In
Figure 12, the comparator output (q) is maximum when
the velocities v, and vy are equal, decreases as the
difference between the velocities increases, and is zero
when the difference is greater than a “matching limit”
parameter. Notice that charges leak from the capacitor
when q is zero as well as when the amplifier is firing. This
is to ensure that similar velocities cause charges to hover
around the threshold, without accumulating far beyond the
threshold.

The charge build-up mechanism can be implemented
easily in software, using the velocity estimates produced
by the forward tracking scheme of Section 4. The
capacitor of Figure 12 can be modelled as a register which
accumulates the charges (expressed in arbitrary units)
produced by the matching comparator. Velocities are
considered to be matched if the contents of the register
reach a pre-set threshold, while the leakage resistor is
implemented by decreasing the register value by a fixed
number of units.

Notice that once the target templates have been
detected for a number of time steps at least equal to the
racking depth (i.e., the windows are established), the
sums of displacements are identically proportional to the
velocities, and hence the displacements may be compared
directly.



For the example of Figure 13, which uses the forward
tracking data of Figure 5, the parameters are the following.
The matching limit of the comparator is set to 3 template
positions, or degrees. The comparator has a linear
characteristic and produces 3 units when the velocities are
equal, 2 units when the absolute difference between the
sums of displacements is 1, 1 unit if the difference is 2,
and zero otherwise. Finally, the threshold is set to 8 units,
and the leakage is fixed at 2 units. As can be seen in Figure
13, the velocities are found to be matched at time step 167,
and from time step 169 onwards.

forward tracking data rack association
151 5: -=(--) 3t --(--) 5 /3
152 S: -=(-~) 3 ~= (=) S /3
153 5: --(--) 3 8(0 5 /3
154 S: -=(--) 3: 9(+1) S /3 R
155 5: —~E—3) 3: 3%*12% g ,/'g window
156 s: 7(0 3: 10(+ establi
157 5 7(0) 3% 106+2) 573 tablished
158 5: 7(0) 3 11(+3) 5 /3
159 5: 7(0) 3 11(+3) 5 /3
160 51 8(+1) 3: 11(+3) S /34
161 5: 9(+2) 3: 13(+5) 5 /3%
162 50 9(+2) 3t 13(+4) 5 /3% .
183 5: 9(+2) 31 14(+5) sa/38 30 | device
164 5: 10(+3) 3: 15(+5) SH/3H 2 1 is firing
165 5: 11(+4) 3t 16(+6) SH/IM 2 2
166 5: 12(+5) 3: 16(+5) S#/3H 0 5
167 5: 12(+5) 3t 16(+5) SH/3% 0 8+
168 5: 12(+4) 3t 17(+6) S5i/34 2 7
169 5: 13(+4) 3: 18(+5) SH#/38 1 9=
170 5: 14(+5) 3t 18(+5) SH#/3% 0 10*
171 5: 14(+5) 3: 18(+4) SH/3% 1 10*
target* o of absolute difference accumulated

between sums of

\ charges
displacements

displacements
Figure 13 Example of track association

7: Motion-induced navigation

The preceding sections indicate the manner in which
motion information provided by the bugeye can be
interpreted. In particular, it is possible to infer the presence
of objects in the environment by associating motion
tracks, and to estimate the distances between the sensor
and the edges of objects.

Motion-induced navigation consists of combining the
information provided by the sensor with knowledge of the
sensor’s own motion.

If the total absence of motion on the part of both the
sensor and objects in its environment are chosen as initial
conditions, an “angular position map” of the immediate
surroundings can be constructed by panning, which
consists of rotating the sensor about its central axis. The
angular positions of edges are then estimated by
compensating for the panning motion. In the example of
Figure 14, the angular positions of edges A and B can be
evaluated by averaging the maximum and minimum
angular positions of the detected tracks. The motions of
edges A and B may then be associated in order to infer the
possibility of the presence of a solid object, by noticing
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that their velocities are similar, but of opposite polarities
(i.e., the left edge is bright-to-dark, and the right edge is
dark-to-bright).

T
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template response
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track

time

average

:A// position

B

edges:

Figure 14 Estimation of angular edge positions
by panning

The control system should be very circumspect in its
decisions concerning track association. For instance, the
association of edges B and C in Figure 15 could be
interpreted as indicating either a gap, or the presence of a
solid object whose contrast is lighter than that of the
background (i.e., dark-to-bright change in contrast on the
left and bright-to-dark on the right). Therefore, further
examination of the sequence of possible “objects” is
needed in order to resolve such ambiguities. In general,
the control system’s perception of the environment would
require a priori knowledge, such as “objects usually
present a uniform contrast”, and so forth.
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Figure 15 Track association ambiguities



Based on the angular positions of objects and empty
spaces, a heading direction can be selected, and the motion
of the vehicle may be utilised to estimate the distances
separating it from potential obstacles (as in Figure 7), thus
yielding a dynamic “relative position map”. Navigation is
then controlled incrementally through an appropriate
choice of fixation points (see [18] for instance). In effect,
the vehicle could navigate from one point to another by
selecting an edge, and by controlling its motion as a
function of the relative angular velocity and the changing
position of the edge. This use of relative motion to
continuously adjust the heading direction is reminiscent of
the manner in which insects carry out depth perception
and navigational tasks [19][20].

8: Control structure

The sensor provides the first measurement, or
“percept”, namely the indication of the presence of
motion, from which more elaborate measurements are
progressively derived and interpreted. Therefore, as the
“level” of measurement increases, the corresponding
percepts become more sophisticated. Thus the presence of
motion percept is followed by a directional percept, then
by some measure of velocity, and so on.

The percepts are in turn utilised by the control system
at the appropriate levels of competence with a view to
determining the adequate behaviour, which may imply
inducing motion in order to enhance perception. A level of
competence may correspond to a control layer, and in
general, the principle whereby a control layer “subsumes”
the functionality of the next lower level could be applied
throughout the control architecture (see [21]).

The control system should be built in such a way that
the lowest, or reactive, control layer is able to gain control
of the vehicle in the case of looming, as the required time-
critical reaction is more a reflex than a carefully thought
out course of action. The control structure is depicted in
Figure 16. '

Ideally, the vehicle should be steered around obstacles
while avoiding the looming conditions described
previously. It is clear, though, that due to unforeseen
circumstances the vehicle may yet find itself on a collision
course with an obstacle. If the looming velocities are high,
thus indicating that impact may be imminent, stopping
abruptly would constitute the safest option. However, if
the lowest estimated time to collision is deemed to be large
enough, taking into account the vehicle’s mechanical
inertia, the alternative would be to steer the vehicle in the
direction of the edge whose relative velocity is lowest.
Referring to the example of Figure 10, the vehicle would
thus veer (sharply) to the right.
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Figure 16 Relationships between sensing,
interpretation, and control

While it may seem reasonable for the control system to
trigger an evasive manoeuvre as soon as the computed
time to impact has decreased to below some threshold
value, it should be pointed out that looming conditions
may be detected only when collision is imminent.
Moreover, the accuracy of the time to impact computation
is directly proportional to the accuracy of the velocity
measurements.

This implies that the control system should look out for
looming conditions as soon as possible. For instance, it
may be desirable to trigger a “looming alarm” if two edges
are seen to be moving away from each other at a fast rate,
irrespective of the precise velocities. As suggested earlier,
the reaction consists of steering the vehicle in the direction
of the slowest moving edge, implying that the evasive
manoeuvre is inferred solely from the difference between
the velocities pertaining to the fast moving edges, and is
obtained directly from the tracking data, without
computing the time to impact.



An even simpler mechanism, which appears to exist in
locusts [22], would consist of triggering an evasive
manoeuvre when an object subtends more than some
portion of the visual field, irrespective of the rate of
expansion.

9: Discussion

The fact that nothing is detected in the absence of
relative motion may be viewed either as a restriction, or, a
contrario, as an advantage. In effect, the preliminary
processing step of determining whether objects in the
environment are in motion when the sensor (and therefore
the vehicle) is static, is a straightforward consequence of
the nature of the sensing. Hence, provided that objects are
not extremely thin and on a collision course with the
sensor, the absence of motion implies “no immediate
danger”.

An important feature of motion-induced navigation is
that heading direction is not evaluated as such, but is
continuously adjusted by reacting to stimuli, as distinct
from estimating heading direction quantitatively before
deciding whether it should be altered. In other words,
control utilises robust, albeit crude, perception, and does
not rely on sensing being accurate in the metric sense. The
control is therefore somewhat different from that
employed in conventional robotics in that it is based on
mechanisms which closely link perception systems to
motor control.

Early studies of the fly’s “optomotor” response [23]
strongly suggest the existence of a direct linkage between
visual sensors and motor systems. It is also worth pointing
out that psychophysical evidence indicate that even
primates, not only insects, may extract heading direction
and depth information simultaneously [24], thus lending
support to the biological plausibility of linking motion
perception and motor control.

Another aspect concems the possibility of learning
distinctive motion patterns, which could be environment-
specific, in order to facilitate navigational tasks, in much
the same way as static object recognition is used in other
visual tasks. Interestingly, it appears that insects are indeed
able to recognise the correct path towards a “reward”,
based solely on relative pattern motion [25], and are able
to “store” task-specific cues [26].

10: Conclusion

The schemes described in this paper for steering a
vehicle around obstacles rely purely on motion
information obtained in real-time from a small VLSI
sensor. Moreover, the bandwidth required to process the
information to the adequate level of perception is quite
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small compared to camera-based systems, for instance.
Thus the biologically-inspired system presented here is
eminently  suitable to  light-weight, low-power
applications.
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