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Abstract—The problem of docking two mobile robots
using a wide-beam sonar system is considered. Be-
cause of the similarity to biological bats, the prob-
lem is discussed in terms of prey capture in two di-
mensions. The basics of the bat-like sonar system are
described. Two measures of performance are consid-
ered: the capture probability and the mean capture
time when capture occurs. These measures are com-
puted in two ways: as the ratio of speeds of the prey to
the pursuer is varied and as the strategies employing
either qualitative information (prey is to the left or
right) or quantitative information (range and azimuth
to prey) are employed. The lower bound for the mean
capture time is determined from game theory, which
assumes complete information about the prey. The
analysis is verified by performing experiments with a
real mobile robot. Both capture probability and mean
capture time are inversely related to the prey/pursuer
speed ratio. It is also observed that, while qualitative
information is sufficient for docking to occur, quan-
titative information allows successful docking over a
larger range of speed ratios.

I. INTRODUCTION

The problem of docking two robots is becoming important
in multi-robot systems. This problem has been investi-
gated by Fukuda and Nakagawa using infrared sensors [1].
Docking using a camera vision system was also recently
discussed by Sharma and Aloimonos [2]. In this paper
we demonstrate that sonar can also accomplish docking
efficiently.

The docking problem using sonar in robotics is investi-
gated in the context of prey-capture by bats. The basic
limitations in docking can be found in the pursuer/evader
problem in game theory [3]. By assuming perfect knowl-
edge regarding the locations and trajectories of the two
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vehicles, the minimum time required to accomplish dock-
ing can be found, as shown below. Practical sensors not
only prevent this bound from being met, but a-- cases
in which docking does not occur at all.

Conventional sonar systems employ sensors that have
beam widths that are relatively narrow, e.g., the Polaroid
sensor [4] has a beam width of 20°. Such a narrow beam
requires that the environment be scanned densely to de-
termine the locations of obstacles [5]. In this paper we
consider the use of a wide beam sensor system, one that
has an effective beam width greater that 90°. In nature, a
bat has such a wide-beam sensor system to efficiently lo-
cate the position of prey in a large volume of space. Prey
localization is performed by processing the arrival time of
the echoes at the two ears, as described below.

A bat-like sonar system was implemented in our labo-
ratory to mimic the behavior of biological sensing systems
[6]. Below we refer to the mobile robot with sonar as R,
for ROBAT, and to the other as M, for MOTH.

Two measures of performance are employed: probabil-
ity of capture and mean capture time after initial detection
(if capture occurs). To allow analytic and experimental
results to be compared, the capture of prey having linear
motion is considered here.

II.

BEAM PATTERN. In searching for prey, a bat transmits a
ultrasound pulse from its mouth. Since the dimensions of
the mouth are comparable with wavelength of the radiated
pressure wave, the beam containing the pulse is very wide
and propagates with a spherical wavefront. Then a rea-
sonable approximation for the pressure amplitude pattern
of the propagating pulse is given by[T7]

BAT-LIKE SONAR
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for r>r, (1)
where r is the radial distance from the transducer
(mouth), 8 is the azimuth, op is a measure of the beam
width and p, is the propagating pressure amplitude at
range r, along the line-of-sight (6=0°). This amplitude



pattern is similar to the beam of a flashlight: the cross-
section forms a circular pattern that is strongest in the
center and decreases with angular deviation |8] from the
center. Since the diameter of the beam cross-section in-
creases with range, conservation of energy requires that
the pressure amplitude varies inversely with range. If the
ear has the same small dimensions as the mouth, Eq. (1)
also describes the receiving sensitivity of the transducer
by the reciprocity principle [8].

For obstacle localization in two-dimensions, a long ver-
tical pole-like obstacle is convenient since it is an omni-
directional reflector in the horizontal dimension. After
being reflected, a plane incident wave is converted into a
cylindrical echo. The amplitude of the echo from a pole
than has the following form [9]
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where r; and ry are the distances, and 6, and 8, are the
angular deviations of the reflector from the transmitter
and the receiver respectively. A, is the echo amplitude ob-
served when T and R are coincident, for which ri=ry=r,
and 8;=0;=0°. The ¢ is the reflection coefficient of the
reflector,

A(T‘l, T2, 91, 02) e

SONAR sYSTEM. For the bat-like sonar system imple-
mented in our laboratory, we employed the Panasonic ul-
trasonic ceramic microphone (EFR-OSB40K2 [10]) that
can be used both for transmitting and receiving signals.
The radius of the sensor is 5.2 mm and it is resonant at
40 KHz. The beam-width parameter o7 is equal to 30°,

Three identical sensors were situated linearly with a
center-to-center separation equal to 6 cm. The middle
transducer T (the mouth of the bat) transmits an echolo-
cation pulse, and the two side receivers Ry, and Rp (left
and right ears of the bat) capture the echoes reflected back
by obstacles. The range r and azimuth 6 of an obstacle
are measured from the transmitter.

An obstacle is said to be detectable if it produces echoes
that exceed the thresholds in both ears. If the threshold
is denoted by 7, then we define the receptive field of the
sonar system as the set of points in space for which 4, > 7
and Ap > 7, where Ay, and Ap are the amplitudes in the
left and right ears, given in (2).

LOCATION ESTIMATION. Analyzing the noisy echoes de-
tected by the two receivers, the range r and azimuth 6
of an obstacle in the receptive field are estimated from
the value of TOF, denoted by i, at each receiver. These
TOPF values correspond to the round-trip distances from
the transmitter to the receiver

CtF
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An estimate, denoted by the 2, occurs because of the pres-
ence of noise. Measurement 2, restricts the possible loca-
tions for the obstacle to lie on an ellipse whose foci are at
T and Ry, and similarly for Z;. The two ellipses intersect
at
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where d is the separation between T' and each of the R’s.

ITI. CONTROL STRATEGIES.

Two different control strategies are described that use dif-
ferent levels of information. Both are memoryless, assume
no knowledge of M’s motion and extract information se-
quentially from the environment. R’s information about
M is obtained at each scan instant and consists of noisy

measurements of 7 and § whenever M is within the recep- _
tive field.

QUANTITATIVE INFORMATION. Estimating # and 6 from
the most recent echoes, R moves toward the estimated
location of M within the receptive field. Due to the
echo travel time, delayed estimates of M’s position are
observed. Given the range and azimuth estimates, R re-
sponds by making a rotation that centers the beam on
M’s current location and moves forward. In this way, the
accuracy characteristics of the sonar system are exploited:
the prey is positioned around the most sensitive part of
the beam and the signal-to-noise ratio of the next echo
is improved by decreasing the range (reduced r~3/2 loss).
This procedure is repeated several times, updating M’s
location after each iteration.

QUALITATIVE INFORMATION. In this case, only one bit
of information is given to R, whether M is to the right
(8 < 0) or to the left (8 > 0). The ad hoc response by R is
arotation by a fixed angle 3 to the right or left. This bang-
bang strategy represents the minimal information required
to achieve prey capture. Previous results by others [2, 3]
indicate that successful prey capture can be accomplished
by employing only the direction @ of M relative to R. Our
results are less restrictive, indicating that only the binary
information that M is either to the right or left of R’s
line-of-sight is sufficient for capture.

IV. BounDS ON PREY CAPTURE

In this section a lower bound on the time to capture
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V. SIMULATION STUDIES
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Fig. 2. Mean capture time vg, Y‘;:(d for Vi =50 cm/s, T,=1 8,
=200 cm, 8=0°, and B=10°,

Physical operation of the actnal sonar system on a VoY
3100 work station,

First, a signal-to-nojge ratio is specified, indicating the
amount of nojse that is present at the ears of ROBAT.

€ars. A typical echo waveform ig assumed [6]. Random
noise having the specified variance Is generated and added
to the echo Wwaveform. The time that the echo plus nojge

The simulation jg started whep M is locateq at the
edge of R’s Teceptive field along §=¢° and starts fleeing
at random Orientation $, For qualitative information, the
bang—bang Totation angle B was chosen to be 10° (close to
its optimal vaye as showp below), Whep M escapes out
of the receptive field, for both systems, R responds by 5
saltatory search with 4450 rotations that cover the max;-
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Fig. 3. Capture probability vs. —‘%‘4 for Vr =50 cm/s, Ty=1 s,
r==200 cm, §=0° and 8=10°.

VI. PERFORMANCE EVALUATION

The performance was analyzed by considering the ex-
pected value of the capture time by taking the expectation
over the angle ®. The analytically predicted performance
was compared with a simulation of the perfect knowledge
case (for verification) and simulations of the two receptive-
field limited information cases. The signal-to-noise ratio
was set at 60 dB. One hundred realizations are generated
by randomizing the value of ® to evaluate the penalty in-
curred on performance when the two levels of information
extracted from the sensor system are employed.

A measure of the importance of information is provided
by determining the corresponding cost in capture proba-
bility and mean capture time for each method. The sim-
ulation results are shown in Figs. 2-5. As apparent from
the results, the technique based on complete information
yields the highest capture probability and minimum cap-
ture time.

From the analysis and verification of our bat-like sonar
system, we have observed that the following parameters
are important. for prey capture:

EFFECT OF RELATIVE SPEED.
pared to R is the most important factor in accomplishing
prey capture. Mean capture time and capture probabil-
ity are shown as a function of ‘—(,M in Figs. 2 and 3. As
expected, quantitative information yields better perfor-
mance than qualitative information, but there is a wide
range of ‘-{f; values over which they are comparable, The

The speed of M com-
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Fig. 4. Mean capture time vs. 8 for VR =50 cm/s and V=25
cm/s,

results indicate that moths with velocities below 0.5Vg
are always captured with both methods. With quanti-
tative information, moths moving as fast as 0.8V are
successfully captured. For Vy( > 0.8Vg, M escapes from
the receptive field more often. For the qualitative system,
when V4 > 0.5Vg, the rotation limited by 8 allows more
moths to escape from the receptive field. It is interesting
to note that the penalty of qualitative systems is not in a
significant increase in capture time but rather in a reduced
capture probability.

ErrEcT OF 3. The performance of the bang-bang algo-
rithm for different values of 8 is shown in Figs. 4 and 5.
For these simulations, the saltatory search rotation angle
was set equal to 3, instead of the constant value of 45°
used in the earlier simulation results. If 3 is too small (or
too large), the system is overdamped (or underdamped).
An overdamped system does not allow R to follow M,
while an underdamped system causes R to overshoot M.
An intermediate value of 3=16° yields the highest capture
probability and yet reasonably small capture time. The
small values of capture time around 8=0° indicate that
only the “easy” prey are captured.

VII. EXPERIMENTAL VERIFICATION

Although the simulations are more flexible and efficient,
real robots and sensor systems are essential for verifica-
tion. Experiments with the robots in our laboratory in a
4 mx4 m area free of obstacles other than M have indi-
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Fig. 5. Capture probability vs. 8 for VR =50 cm/s and Va(=25
cm/s. :

cated results similar to those of the simulations.

DEscripTION OF ROBAT. A schematic illustration of
the robotic system is shown in Fig. 6. The mobile robot
R is a position-controlled vehicle that carries the sonar
system on-board with a maximum speed of Vg =50 cm/s.
It consists of a triangular platform, placed on top of a
passive front caster and two stepper motor wheels. The
transducers are located high above the platform to elim-
inate the reflections off the platform and the floor. On-
board electronics provide excitation for pulse transmission
and amplifier/filters for signal detection and envelope ex-
traction. A cable carries the analog signal envelopes to an
A /D converter. The control and processing of the signals
is accomplished with an IBM PC/286 that extracts in-
formation from the sensor data, determines the action to
be taken and sends commands to a PDP-11/23 for motor
control.

DEescripTION OF MOTH. Although smaller than R,
the second mobile robot M in our system is similar in that
it is a platform driven by two stepper motors. M carries
a vertically-mounted cylindrical reflector having diameter
16 cm and height 1 m. Unlike R, M has no sensory feed-
back, hence it models a passive prey unaware of the pres-
ence of R. It is independently controlled through a cable
by its own PDP-11/23 to move along a linear trajectory
with maximum speed V(=50 cm/s.

EXPERIMENTAL SETUP. To verify the analytical results
and to compare the qualitative and quantitative methods,

MOTH
(M)

8 =0°

drivers

ROBAT

(R) i
PDP-11/23
1 4y
A A/D
fo =280 kHz
P
. DSP
drivers board
4 trigger 4 Y sensor data
IBM
PDP-11/23 —— PC/XT-
286
sensory
feedback

Fig. 6. Configuration of the robotic system.

experiments were performed in real-time with R and M.

The experiments are started with M located at the cen-
ter of R’s receptive field along =0 with an initial r=80
cm and fleeing at random orientation ®. For qualitative
information, the bang-bang rotation angle 8 was chosen
to be 20°. Five different trials were realized for each algo-
rithm at angles ®=0, =30°, £60°, +-90° for different speeds
of M. For a given Vj( and ®, the capture time was av-
eraged over the five trials to compensate for the experi-
mental errors. These errors are due to the low SNR that
occurs at the initial large range, 80 cm.

In the experiments the speed of sound was artificially
reduced, by setting the echo delay at the maximum range
equal to one second. This delay allows a more realistic
relationship between the speed of sound and Vx and an
agreement with the conditions used in the simulations.

EXPERIMENTAL RESULTS. The results for V(= 8,6,4
cm/s are shown in Fig. 7 as a function of ®. As expected,
the experimentally observed capture time decreases with
increasing | @ |, indicating a similar form as the lower
bound for capturc time. Bven though the gquantitative
method produces a smaller mean capture time, the differ-
ence between using qualitative vs. quantitative informa-
tion is only marginal. However, with these sub-optimal
methods, it may take 4-8 s. longer to capture the prey.
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Fig. 7. Experimental results showing capture time t. as a
function of ® for Vx=9.8 cm/s and r=80 cm. The solid line
corresponds to the optimal solution:

This difference between the experimental results and the
minimum capture time increases for faster moths.

VIII. SUMMARY

Two different prey capture strategies were compared for
a robotic system, in which a mobile robot equipped with
a wide-beam sonar system detects, pursues and captures
a second mobile robot with no sensory feedback. Most
important parameters for prey capture are the speed ratio
of the prey to the predator. It was observed that although
binary information about the prey direction was sufficient,
quantitative information increased the capture probability
and reduced the mean capture time. Both systems are
comparable when % <0.5. For faster moths, penalty
for qualitative information is not a significant increase in
capture time, but reduced capture probability. On the
average, prey capture took 2-4 s longer than the minimum
capture time predicted from the complete knowledge case,
indicating that the bat-like sonar represents an efficient
sensing system.

Vg =8 em/s
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