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Abstract

Conventional wall following with an ultrasonic sen-
sor uses only range data to the nearest reflecting point.
However, the bearing angle information to the wall is
more useful for a wall following motion. In this paper,
we propose a simple wall following algorithm, where
the robot moves perpendicular to the direction to the
nearest reflecting point.

Also, in conventional ultrasonic pulse-echo sensing,
an accurate target bearing measurement is often re-
garded as difficult due to the wide directivity of ultra-
sonic transducers. However, by assuming that the ul-
trasonic echo returns from a single direction, the bear-
ing angle can be measured. A new sensing method is
also proposed to determine accurately the bearing angle
to the reflecting point by a single ultrasonic transducer.

This paper also presents erperimental results from
mobile robot wall following experiments using only
bearing information measured by a single ultrasonic
transducer. These experiments illustrate the effective-
ness of proposed method.

1 Introduction

For a mobile robot, wall following is a useful mo-
tion in structured environments and can be employed
for obstacle avoidance. In many mobile robots, ultra-
sonic range sensors are used for wall following. With
these robots, the range from robot to wall is commonly
measured by an ultrasonic sensor and used for motion
control. However, from the point of view of vehicle
motion control, the direction angle to the wall is more
useful and suitable information to realize wall follow-
ing. In this paper, we propose a new strategy for wall
following by a robot, ie. “move in a perpendicular
direction to the nearest point of an object”.
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To realize the above mentioned motion, the angle
information to the nearest wall is required. Conven-
tional ultrasonic sensors cannot measure accurately
the direction of reflecting point. However ultrasonic
sensing is naturally suitable for detecting this angle in-
formation. This paper therefore also proposes a simple
bearing angle measurement method for use in a mobile
robot wall following motion. The method exploits the
frequency dependency of the echo signal on the echo
arrival direction.

Experimental results from real mobile robot wall
following using the proposed method are presented to
illustrate the effectiveness of this new approach.

2 Wall following with angle informa-
tion measured by an ultrasonic sen-
sor

2.1 Wall following

2.1.1 Previous work

Wall following is a popular and useful technique for
mobile robot navigation in structured or known envi-
ronments. Mobile robot path planning or navigation -
often assumes that robots have the ability to perform
wall following. For example, [1] gives a path plan-
ning method that depends on wall following. Many
research approaches on sensor-based path planning of
mobile robots in the unknown and complicated envi-
ronment [4] [16] [19], assumed that robots are able to
follow a wall in a given environment. However in prac-
tice on a real robot, wall following using real sensor
data is not always straightforward to implement.
Research has been reported on mobile robot wall
following navigation using real ultrasonic sensors
where the ultrasonic sensors have been used for mea-
suring range information. Because of the uncertainty



of direction measurement inherent in range only ultra-
sonic sensors, some researchers assume that the wall is
planar. Such assumptions help to estimate the orien-
tation angle of the wall by continuous range measure-
ment [21] [5]. For the case of complicated or curved
environments, [2] a sonar ring is used and assumptions
are made concerning the direction of the wall from
sensor readings. Several other researchers attempt to
extract information from the environment from a scan
series of range measurements each of which has wide
uncertainty in bearing angle [8] [11] [14].

2.1.2 New strategy for wall following

The principal idea of conventional wall following al-
gorithms is to maintain a set distance to a wall using
a series of range measurements. When the bear-
ing to the nearest point on an obstacle is mea-
sured, it becomes possible to follow the surface
by just moving in a perpendicular direction to
that bearing.

It is possible to track around a convex corner
(Fig.1) and a concave corner (Fig.2), not to mention
the plane surface. Curved surfaces (Fig.3), can be fol-
lowed with the same simple strategy.

This is very simple algorithm, but the following
constraints are required for the robot to achieve wall
following wall :

e An accurate direction measurement to the nearest
point on a target.

o A sufficiently fast measurement cycle compared
to the velocity of the robot. In Figures 1 - 3,
the circles show the distance to the nearest point
on the object. When the direction to the nearest
point is measured fast enough compared to the
forward speed of the robot, it is possible to keep
the same distance to the object even by only using
angle information.

e The robot is controllable to move in any direction.

When the motion of the robot is controlled using
only the measured direction in this strategy, the dif-
ference between desired and real distance to the wall
will be accumulated. So, to reduce such difference
and to keep the desired value of distance to the wall,
the difference between desired and measured distance
may be used to slightly modify the direction of robot
motion.
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Figure 1: Following the convex corner.
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Figure 2: Following the concave corner.
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Figure 3: Following the carve surface.



Reflecting point

Figure 4: The bearing angle to the reflecting point
is showing the perpendicular direction of the nearest
point.

2.2 An ultrasonic sensor

2.2.1 Background — Specular reflection of ul-
trasound

A pulse-echo ultrasonic sensor is well known for its
simplicity and low expense for robotics applications.
It can detect easily the range to a suitable reflecting
object. However the accurate direction to the reflect-
ing object is not easy to measure in the conventional
ultrasonic sensing since the direction of the object is
estimated based on the heading direction of the trans-
ducer and its directivity. However the directivity is
not sufficiently sharp in actual transducers.

The conventional method implicitly assumes that
the environment returns the ultrasonic echo from any
direction irrespective of the incident pulse direction.
However, this is not correct in most indoor environ-
ment. since most reflective objects appear specular to
ultrasonic frequencies.

Specularity implies that the reflecting position is
the surface of the wall which is perpendicular to the
incident direction or curved surface of a convex corner
(Fig.4). That is, geometrically, the ultrasonic wave re-
flects from the locally minimum point in a direction -
distance map. This fact means that the nearest point
in the environment is a reflecting point, and it corre-
sponds to the first part in the echo signal. So, if the
direction in which the leading edge of reflected echo
propagated from is accurately detected, it will be the
most suitable information for the wall following ap-
proach proposed above.

2.2.2 Bearing angle sensing by a single trans-
ducer

Several papers have reported different approaches to
measuring accurate direction to the reflecting point
using multiple receivers, template matching, etc. un-
der the assumption that the echo comes from a single
or discrete reflecting point [3] [6] [10] [13] [15] [17] [20].
Use of multiple receivers requires more hardware and
the template matching method requires a significant
amount of signal processing. The received echo pulse
shape is strongly related to the bearing angle to ar-
rival direction [9]. It is well known that the amplitude
of the echo is largest perpendicular to the transducer
face and also depends on the distance of flight. It is
not as well known that the peak frequency component
of the echo also depends on the bearing angle and is
not greatly effected by range [22]. Here we propose
a new method of bearing measurement expoiting this
frequency dependency of the echo.

The echo pulse shape is dependent on the prop-
agation distance due to the dispersive effects of air
absorption [9]. However, over short distances of flight,
less than one or two meters, this does not have a sig-
nificant effect on the peak frequency of the echo spec-
trum. Thus the relationship between this peak fre-
quency and the direction of the reflecting object can
be exploited practically for determining the bearing
over short ranges [22], without resorting to multiple
transducer schemes.

With respect to the pulse-echo method, the direc-
tion to the reflecting point can be measured by ex-
amining the spectrum of the echo as in [22]. How-
ever, calculating the power spectrum for each echo is
computationally expensive and not suitable for fast
measurement. A faster and simpler approach, con-
ceptually similar to examining changes in peak echo
frequency, is to measure the time difference between
the zero-crossing points of the echo. By selecting con-
secutive zero crossings after the leading edge of the
echo, a half cycle period of the echo can be measured
as shown in Fig.5. This approach has also the impor-
tant advantage that it would be possible to implement
the algorithm with simple hardware.

The relationship between the half cycle period and
the angle to the reflecting point from the transducer is
difficult to derive theoretically. A more pragmatic ap-
proach is taken here, that also serves as a calibration
function. A look-up table can be easily constructed
experimentally [23]. For example, the relationship be-
tween the half cycle period and the direction to the
reflecting point was measured using a plane reflector
at a range of 370 mm from the transducer as shown
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in Fig.6 (See Section 3.1 for the experimental setup).
The zero crossing times are measured by using linear
interpolation between samples of differing signs above
a noise threshold.

Due to the symmetrical shape of the transducer,
there is no way of determining the sign of the echo
arrival angle with respect to the transducer normal.
However, during repetitive measurements, the direc-
tion of the reflecting point does not change abruptly
when tracking a single target. Therefore, by choos-
ing a suitable bias point away from the point of sym-
metry and by careful steering operation of the trans-
ducer, the echo arrival direction can be restricted to
lie on only one side of the symmetric function shown
in Fig.6, and it is possible to measure the change of
the angle in a signed sense.

The construction of the look-up table before the ex-
periment is achieved by placing a wide plane in front
of the transducer and rotating the transducer. The
half cycle period data (Fig.5) was collected at inter-
vals of 0.5 degrees, and a polynomial least squares fit
applied. The middle of the useful data set is defined
as the bias angle.

In the measurement process, the half cycle period
is measured by a single transmit/receive cycle. The
angle is obtained from this measured half cycle period
and the look-up table.

When the look-up table is used during measure-
ments, values outside the range of the look-up table
are ignored.

As an example, the measured angle data using a
planar board at 50 cm is shown in Fig.7 (See Section
3.1 for the experimental setup). In this measurement
the look-up table was prepared with the data at 42
cm, and zero degrees corresponds to the bias angle of
10 degrees in the look-up table. The results show that
this method is possible to measure the angle +1 degree
in accuracy 10 degrees in range.

2.3 Proposal of wall following method
with ultrasonic sensor

In Section 1, we have proposed a wall following mo-
tion strategy using the direction to the nearest point in
wall. Also we have presented a simple and fast method
to measure the direction in Section 2. By combining
the motion strategy and the sensing method, a simple
and robust method for wall following behavior of the
mobile robots can be realized.

3 Experiment

Using the proposed algorithm and the new sensing
method, wall following experiments with a nonholo-
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Figure 7: Measured angle by the zero-crossing method
using a plane reflector at distance 50 cm. Zero degrees
in angle corresponds to a bias angle of 10 degrees.
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Figure 8: The robot Werrimbi used in the experiment.
Werrimbi is 560mm in diameter and 650mm in height.
The distance between odometry wheels is 371 mm and
the maximum velocity is 0.3 m /sec.

nomic mobile robot have been performed.

3.1 Robot and sensor hardware

The mobile robot, named Werrimbi, used in this
experiment is shown in Fig.8. The size of Werrimbi is
560 mm in diameter and 650 mm in height. It has the
PWS (Powered Wheel Steering) mechanism, and each
powered wheel has independent odometry wheels. The
distance between odometry wheels is 371 mm and the
maximum speed is 0.3 m/sec.

The communication backbone of the robot is an
ISA AT Bus. Through it, a 486DX2-66MHz processor
board controls a custom made sonar sensor card and a
motion control card. The motion control card provides
PID control of pan/tilt motors and locomotive motors.
For every motor, an encoder provides feedback infor-
mation. The servo period of the PID control is 400
psec for each loop. The software control of the robot
is performed with a real-time multitasking operating
system called RTKernel.

The robot has five Polaroid 7000 series electrostatic
transducers [18] with their front grills removed. The
beamwidth of the transducer driven with a 300 V wide
band pulse is approximately 50 degrees depending on
the range and signal to noise ratio of the receiver [7].
Just one central transducer was used in this experi-
ment. The panning angle was set at first, and after
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Figure 9: The perpendicular direction to the proceed-
ing direction of the robot is set as zero degree. The
measured bearing angle to the nearest point is 6.

that pan-tilt motors were not used in this experiment.
An ADC samples the reflected echo signal at a rate of
1 MHz. The proposed method requires only the zero-
crossing times from the receiver wave form, and these
are extracted from the entire echo waveform in soft-
ware instead of designing special purpose hardware.

3.2 Control of the PWS vehicle

For controlling the nonholonomic mobile robot with
PWS (Powered Wheel Steering) mechanism, a simple
direction control feedback loop was installed as follows

The reference velocity of right w,. and left w; wheels

are glven as W, = w, — k9 (1)
W = ws + kb (2)

where w; is the wheel angular velocity for the desired
translational velocity of the robot (ie. 0.1 m/second),
f is the bearing angle to the nearest points measured
by proposed ultrasonic sensing, and k is the feedback
gain suitably chosen at the experiment (Fig.9).

Since, the translational velocity and angle velocity
of the robot are expressed as

MNP

where, R is the diameter of wheels and T denotes the
distance between wheels.
The resultant velocity of the robot are as

w=k=0 (4)

V = 2Rws; = 0.1m/sec (5)

Giving the feedback as shown, the robot is sup-
posed to move with constant forward speed keeping
the same distance to the object, when sufficient accu-
racy of angle data and sufficiently fast sampling rates
are guaranteed in the measurement.
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3.3 Experimental environment

Experiments using boxes which have different cor-
ner angles were performed. The size of the box was
610 x 410 x 820 mm. The angle of the corner were
changed 70, 75, 90, 105, 110 degrees.

At first, the robot is set in front of the box and
the transducer is pointed at the bias angle to the box
(Fig.10). The robot commences moving with continu-
ous ultrasonic measurement.

3.4 Experimental result

The robot successfully followed the boxes with dif-
ferent corner angles. These experiments show the ef-
fectiveness of the proposed angle-measuring method
on a real robot. In these results, the distance is kept
almost constant. Even during turning around corners
with different angles by just controlling motion using
only bearing information. And it indicates that keep-
ing the same angle to the reflecting point is an effective
way to follow the surface of the object.

The measured angle and distance in the experiment
for the right angle corner box (Fig.11) are shown in
Fig. 12. In Fig.12 the top plots are the measured an-
gle when the robot is following the box. The bottom
plots show the distance to the box from the robot.
In these results, the distance is kept almost constant,
even whilst turning corners with different angles by
just controlling motion using only bearing informa-
tion.

Sometimes, especially at corners, the angle mea-
surement fails because no echo is detected. For the
case that the measured half cycle period was out of
the range of the table, it was ignored.

To avoiding any failures in the experiments, it is
necessary to make the measurement cycle faster, and
keep the reflecting point within the directivity that
has sufficient amplitude. This can be achieved by de-
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tecting the zero-crossing points directly in a hardware
implementation.

4 Conclusion

In this paper, we have presented a simple wall fol-
lowing method using an accurate angle measurement
approach, and a new ultrasonic sensing method to
measure accurate bearing angle of the reflecting point.
For showing the potential of the method, only the an-
gle information was used in the experiments. The ex-
perimental results show that the approach is effective.
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