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Abstract

This paper presents a high-performance ultrasonic sensing system for mobile robots. We
describe how wide-angled ultrasonic transducers can be used to obtain substantial information of
the environment. This can be achieved by exploiting the overlapping of the detection cones from
neighbor sensors. The ultrasonic sensing system also allows the detection of multiple echoes from
different echo paths for each sensor. In this way a significantly higher number of echoes can be
obtained in comparison to conventional ultrasonic sensing systems for mobile robots. In order to
benefit from the increased sensor information adequate data post-processing is required. In this
context we describe how a model of the ultrasonic sensing system can be derived.

1 Introduction

Ultrasonic transducers are preferably used to obtain three-dimensional information of the
environment. The most commonly used sonar device for mobile robots is the well known Po-
laroid ultrasonic ranging system [11] with a detection cone of 30°. Due to the relatively narrow
detection range of the Polaroid sensors as well as the angular and spatial displacement of the
sensors, cross echoes from neighbor sensors rather arise from specular reflections than from an
object located within the beam-width overlapping of the sensors. The standard Polaroid system
is configured to send out a short ultrasonic pulse and measuring the ”time of flight” until a first
echo from an object can be detected by the same sensor. In order to improve robot perception
we decided to use wide-angled ultrasonic transducers and to detect multiple echoes per sensor as
well as cross echoes from neighbor sensors. For this reason a novel sensing system was designed
and algorithms were developed to post-process the sensor data in order to obtain improved
environmental information.

The ultrasonic sensing system was deployed on an intelligent wheelchair (MAid) developed at
FAW Ulm as well as on an experimental robot XR4000 from Nomadic Technologies. MAid (mo-
bility aid for elderly and disabled people) was designed to autonomously or semi-autonomously
transport people through private and public environments. The experimental robot XR4000
at FAW serves for simulating an automatically guided hospital bed (AutoBed) [1]. For such
applications a high perception of the robot is particularly important due to safety reasons.
Within this paper we describe the circular sensor arrangement on the experimental robot and
we demonstrate the behavior of the ultrasonic sensing system in a typical indoor environment.

2 Related Work

In order to understand the motivation for a novel ultrasonic sensing system we review related
work:

Wilkes et al. [13] present an algorithm that uses multiple peaks in the return signals from
several transducers with broad beams of 70° and overlapping fields of view; but they do not



exploit cross echoes from neighbor sensors. A grid based representation and a Bayesian update
scheme similar to Matthies and Elfes [9] are used to integrate the multiple return signals from
multiple transducers and multiple robot positions.

Peremans and Van Campenhout [10] propose a triaural measurement system composed of
one transmitting and three receiving ultrasonic sensors in order to distinguish between planes,
corners and edges by means of triangulation. They argue that by triaural sensing much less
measurements are necessary to recognize these three basic reflector types in comparison to
standard time-of-flight sensor systems.

Lawitzky et al. [7] compare monaural (1 transmitter, 1 receiver), binaural (1 transmitter,
2 receivers) and triaural (1 transmitter, 3 receivers) sensor system configurations. They state
that binaural or triaural sensing allows to get more information from a single measurement by
sensing several features at once. For this reason they conclude that these principles have a large
potential for increasing speed and precision of environment mapping for obstacle avoidance and
navigation.

Jorg and Berg [6] present an approach which allows the simultaneous firing of sonar sensors by
eliminating misreadings caused by crosstalk or external ultrasound sources. This is achieved by
using appropriate pseudo-random sequences together with a matched filter technique. Polaroid
series transducers are used and crosstalk can either be eliminated or can be exploited to perform
triangulation.

Wirnitzer et al. [14] use stochastic coding of the transmitted signals and adaptive filtering
of the received signals to avoid mutual interference of the sensors and interference with other
ultrasonic sensor systems. The target application is an automotive low-range detection system
such as a car parking assistant. Wide-angled sensors are employed and cross echoes are explic-
itly used. An array of several sensors allows, additional to distance measurements, to localize
an obstacle inside the operating range of at least two sensors of the array. Additional shape
information can be obtained when the sensors operate in the cross echo mode. Based on this
ultrasonic sensing system, Schmidt et al. [12] describe a triangulation based algorithm which
allows to distinguish between circular and plane objects and to identify obstacle edges.

Whereas in [14] and [12] only four sensors are intended to be fixed on a car bumper in distances
of about 40 or 50 cm, we use a significantly higher number of sensors (e. g. 24 or 32 sensors)
and place them close to each other along the periphery of a mobile robot. In this way we obtain
high beam-width overlapping with a number of neighbor sensors and thus can efficiently take
advantage of multiple cross echoes. Consequently, we can describe our system as a multi-aural
measurement system. Since triangulation based algorithms are not very efficient if the sensor
distances are short, we developed a grid based algorithm to obtain increased information of the
environment for such sensor configurations on mobile robots.

3 Specification of the Ultrasonic Sensing System

We explain the ultrasonic sensing system based on a sensor arrangement for the experimental
robot XR4000, which is used for modeling an automatically guided hospital bed. The XR4000
at FAW has been additionally equipped with 2 antipodal Laser Ranging Systems from SICK
Electro-Optics.

The new ultrasonic sensing system consists of a ring of 24 sensors, spaced with an angular
displacement of 15° and mounted on top of the robot (Figure 1). In contrast to other research
work ([4], [5], [8]), which widely used ultrasonic range finders from Polaroid Corporation with a
detection cone of 30°, we employ wide-angled sensors from Robert Bosch GmbH with a detection
range of 120° in one axis and a detection range of 60° in the other axis. The latter sensors were



primarily manufactured for automotive use, e. g. for parking pilots [14].

Wide-angled ultrasonic transducers on the one hand can detect objects within a broader range,
but on the other hand make it more difficult to estimate within this broader range the actual
location of the object causing the echo. In order to gain a substantial advantage of the broader
detection range, we propose to exploit the overlapping of the detection cones from neighbor
sensors when they are placed close enough to each other and the angular displacement is not
larger than the detection range.

In the case of the new sonar sensing system for the XR4000 we arranged the 24 Bosch sensors
exactly above the upper ring of 24 Polaroid sensors which this robot is originally equipped with.
This facilitates comparison of the two sonar sensing systems. The 2 laser range finders are also
mounted on top of the robot in order to just scan above the sonar rings, which allows comparison
between sonar readings and laser readings.

We orientate the ultrasonic sensors with the 60° detection range to a horizontal position and
we use the 120° range for vertical object detection. With this kind of sensor arrangement we
obtain beam-width overlapping up to the third neighbor sensor on each side. We could also
orientate the sensors with the 120° detection range to a horizontal position and would then
obtain beam-width overlapping with even more neighbor sensors.

When beam-width overlaps up to the third neighbor sensor on each side, every eighth sensor
in the ring can be fired simultaneously without mutual interference. The other sensors are in a
listening mode during this time. The middle one of seven passive sensors in between two firing
sensors will normally not receive any echoes, though this might occur due to specular reflections.
After the first three sensors have been fired and the ultrasound energy within the environment
has fallen beneath a detectable level, the next three sensors can be fired. Since the employed
sensors have an attainable distance detection range of about 2m, which corresponds to a ”time
of flight” of about 12ms for an ultrasonic pulse, we define a measurement period of this duration.
Subsequently we wait for additional 8ms to allow the ultrasound energy in the surrounding to
further decline. Thus we obtain a basic measurement cycle time of 20ms. Firing all 24 sensors in
groups of three sensors successively, results in a cumulative measurement cycle time of 160ms.
In addition to this we provide another 90ms for transferring the collected data with a transfer
rate of 115200Bit/s via serial interface to the robot PC. Consequently the overall system cycle
time is 250ms, which corresponds to a sampling rate of 4Hz. This sampling rate is sufficient
for a mobile robot driving with velocities of up to 1.0m/s. However, the sampling rate of the
system could be increased by several optimization measures.

4 Ultrasonic Sensor

The employed sensing devices are ultrasonic sensors of type 2.1 from Robert Bosch GmbH
(Figure 2) which are primarily manufactured for automotive use, e. g. for parking pilots. The
sensors have the following features [3]:

e specified distance detection range: 0.25m - 1.2m

attainable distance detection range: 0.2m - 2.0m

detection angle (elliptical): £60° x £30°

frequency range: 42kHz - 45kHz

typical pulse duration: 300us

resonator decay time: 900us



Figure 1: Sensor arrangement on a cir- Figure 2: Ultrasonic sensor type 2.1
cular robot from Robert Bosch GmbH

e digital bidirectional data transfer

e integrated signal conditioning

The sensors use the same piezo-ceramic disc to transmit pulses and to receive echoes. During
an excitation time of typically 300us the acoustic transducer sends out a pulse which can be
received after a resonator decay time of 900us. Consequently we obtain a dead time of 1.2ms for
the transmitting sensor to receive echoes. This dead time corresponds to a minimal attainable
distance value of circa 0.2m. The presence of nearer objects can be recognized by the trans-
mitting sensor without obtaining an absolute distance value. We remark that no dead time
applies to idle neighbor sensors, which are able to receive cross echoes from the transmitting
sensor instantly and thus are able to measure the distances of closer objects. For this reason
only sensors with non-overlapping detection ranges should be fired at the same time.

The digital bidirectional signal line of the sensor is used for transmitting pulses and for
detecting echoes. The idle potential of the signal line is High. In order to transmit a pulse
the signal line can be drawn to Low for a period of e. g. 300us by the electronic control unit.
Subsequently the signal line will remain Low for a period of 900us in order to allow the resonator
to decay. Thereafter the signal line switches to High and the sensor is ready to detect echoes.
The received echo signals are pre-processed by an integrated circuit within the sensor (band
pass filtering and threshold-logic). For each detected echo the sensor draws the signal line to
zero for as long as the return signal exceeds the threshold, i. e. the sensor outputs a binary
signal that reflects the time instants of arriving echoes. The ”time of flight” of the ultrasonic
pulse can be determined by measuring the elapsed time between firing the sensor and detecting
a High-Low-edge resulting from an echo.

By using a single sensor, only the distance between the sensor and an object can be determined.
Hence an object can be located anywhere in the respective distance on a circular arc within the
detection angle of the sensor (Figure 3). If two sensors with overlapping detection ranges are
used and an object is located within the overlapping range, a direct echo exists between each
sensor and the object as well as cross echoes from each sensor via the object to the other sensor.
In such cases the exact location of the object can be calculated geometrically (Figure 4).

The transducers do not emit energy homogeneously over the detection range and the received
energy depends on the angle of incidence of the echo at the sensor. For this reason the maximal
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attainable distance value varies with the detection angle. If the surface of an object has a
perpendicular falling within the detection cone of a sensor and if the return energy exceeds the
sensor s threshold, the object can be detected (Figure 5). If the normal to the surface does not
fall within the detection cone, the ultrasound will be specularly reflected by the surface and no

echo will be received by the sensor (Figure 6).

Hard are

As hardware device for data acquisition, data pre-processing and data transmission via serial
interface to the robot PC we utilized a DSP-Board from Texas Instruments. The DSP-Board
consists of a 32-Bit Fixed-Point Digital Signal Processor TMS320C6211 operating at 150 Hz



and 1200 1333 , 4 MB External SDRAM, 128 KB External Flash ROM, a Power Man-
agement Device, an Expansion Daughter Card Interface and a PC Parallel Port Interface.

Up to 32 ultrasonic sensors can be connected to the 32-Bit data bus of the Expansion Memory
Interface of the DSP-Board. The acquired sensor data can be transfered to the robot PC via

one of the two multichannel bu ered serial ports provided on the Expansion Peripheral Interface
of the DSP-Board.

A self-developed Daughter-Board provides an interface between the DSP-Board and the pe-
ripherals. On the one hand it comprises the signal conditioning between the data lines of the
ultrasonic sensors and the external data lines of the Expansion Memory Interface. On the other
hand it provides a serial interface to the robot PC by connecting the two multichannel bu ered
serial ports of the Expansion Peripheral Interface via a multichannel RS-232 driver- receiver-
device. The Daughter-Board additionally comprises the voltage supply for the DSP-Board and
for the ultrasonic sensors.

Soft are

For software development based on the TMS320C6211 DSP the Code Composer Studio from
Texas Instruments was used.

The developed DSP software comprises a module for data acquisition and data preprocessing
as well as a module for sending the collected data to one of the multichannel bu ered serial
ports. Additionally, the External Flash ROM was programmed in order to boot the DSP-Board
with the developed software.

The LINUX software for the robot PC includes a server programme and a client programme.
The server programme receives the collected data via a serial port and writes it into shared
memory. The client programme reads the data from shared memory and provides it to the
robot software.

eri ing a Model of the Ultrasonic Sensing System

A polygonal environment model created from laser range finder data serves as a basis to derive
a simulation model of the ultrasonic sensing system [2].

First we define the detection ranges for the direct and cross echoes. We speak about direct
echoes when the transmitting sensor also receives the signal, and we speak about cross echoes
when one of the neighbor sensors receives it. With the chosen sensor orientation, the horizontal
detection range for direct echoes is 60° and for cross echoes approximately 45°, 30° or 15°,
depending whether the first, second or third neighbor sensor is involved, since the angular
displacement of the sensors is 15°. Consequently we obtain 24 direct echo paths and 144 (6
24) cross echo paths. Isometric lines of direct echo paths can be depicted as circular arcs with
60° and isometric lines of cross echo paths as elliptic arcs with about 45°, 30° or 15°.

Regarding the environment model we distinguish between planes, corners and edges according
to Leonard and Durrant-Whyte [8]. Experiments with the employed ultrasonic sensors have
shown that detectable echoes predominantly arise from planes and corners, since edges produce
di use reflections. For this reason, possible reflections from edges are neglected, and only returns
from planes and corners are considered in the simulation model of the ultrasonic sensing system.



Figure 7: Polygonal model of the en- Figure 8: Polygonal model of the en-
vironment and simulation model of the vironment and real distance readings
ultrasonic sensing system from the ultrasonic sensing system

To simulate the behavior of the ultrasonic sensing system we consider all planes and corners of
the environment model and verify whether they could cause detectable echoes, i. e. reflections
which fall within the detection range for direct or cross echoes of any sensor. Then we assign
the shortest detectable distance to each direct and cross echo path. Figure 7 shows circular and
elliptic arcs for all direct and cross echo paths together with the polygonal environment model
created from laser range finder data. Echo paths with no detectable echo within the operating
range of the sensors are represented by arcs corresponding to the maximum distance detection
range ( 2m).

Figure 8 shows the real distance readings obtained from the ultrasonic sensing system together
with the polygonal environment model created from laser range finder data. It can be noted
that some real distance readings are shorter than the simulated distance readings. The shorter
distance readings arise from a table edge and from a chair back-rest. Due to the lower height of
these objects they could not be recognized by the laser range finders and they are consequently
not contained in the laser range finder environment model as well as in the simulation model of
the ultrasonic sensing system.

onclusion

We have presented a new ultrasonic sensing system for mobile robots, and we have described
how wide-angled ultrasonic transducers can be used to obtain substantial information of the
environment by exploiting the overlapping of the detection cones from neighbor sensors.

In order to incorporate the properties of the ultrasonic sensors, their geometrical configura-
tion, and the alignment of the direct and cross echo paths, we have developed a model of the
ultrasonic sensing system. In ongoing research this model serves as a basis for creating polygonal
environment models from ultrasonic sensor data.
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