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Abstract

This paper explains how wide-range ultrasonic envi-
ronment coverage can significantly improve navigation
safety of autonomous mobile systems. We describe
how sonar transducers with broad detection ranges can
be used to obtain substantial information of the envi-
ronment. This can be achieved by exploiting the over-
lapping of detection comes from meighbor sensors and
by receiving cross echoes between them as well as by
recetving multiple echoes from different echo paths for
each sensor. In this way a significantly higher number
of echoes can be obtained in comparison to conven-
tional ultrasonic sensing systems for mobile robots. In
order to demonstrate the performance of our approach,
we compare a conventional ultrasonic sensing system
with a novel ultrasonic sensing system based on wide-
angled ultrasonic sensors.
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1 Introduction

Considering the navigation of autonomous mobile
systems in only partially known or unknown dynamic
environments, the complete contact-less sensory cov-
erage of the workspace represents a fundamental dif-
ficulty. To overcome this problem, several sensor sys-
tems (having different positive and negative proper-
ties) are used in combination. However, during op-
eration of autonomous systems in real environments
(e. g. homes, industrial plants, railway stations, ex-
hibition halls) many objects appear which cannot be
reliably detected by any of the employed sensor sys-

tems (e. g. mirrors, panes, shiny metal surfaces, ta-
ble edges, fences, clotheslines, stair-steps, show-cases,
shelves and racks). In such cases tactile sensors serve
as safety deactivation, whereas they often also cannot
cover the whole potential collision range. Our objec-
tive is to ensure safe and collision-free navigation of
autonomous mobile systems within above mentioned
environments. Thus, reliable recognition of hardly de-
tectable objects shall be achieved with contact-less
sensors. In this context, we aim to improve robot per-
ception with sonar sensors.

Ultrasonic transducers are preferably used to ob-
tain three-dimensional information of the environ-
ment. The most commonly used sonar device for mo-
bile robots is the well known Polaroid ultrasonic rang-
ing system [12] with a detection cone of 30°. Due to
the relatively narrow detection range of the Polaroid
sensors as well as the spacial and angular displace-
ment of the sensors, cross echoes from neighbor sensors
rather arise from specular reflections than from an ob-
ject located within the beam-width overlapping of the
sensors. The standard Polaroid system is configured
to send out a short ultrasonic pulse and to measure
the "time of flight” until a first echo from an object
can be detected by the same sensor. In order to im-
prove robot perception we decided to use wide-angled
ultrasonic transducers and to detect cross echoes from
neighbor sensors as well as multiple echoes per sen-
sor. For this purpose a novel sensing system was de-
signed and algorithms were developed to post-process
the sensor data in order to obtain improved environ-
mental 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 No-
madic Technologies. MAid (mobility aid for elderly
and disabled people) was designed to autonomously



Figure 1: Intelligent wheelchair (MAid)

Figure 2: imulation of an automatically guided hos-
pital bed (Auto ed)

or semi-autonomously transport people through pri-
vate and public environments [13]. The experimental
robot XR4000 at FAW serves to simulate an auto-
matically guided hospital bed (Auto ed) [1]. Figure
1 and Figure 2 show photos of MAid and Auto ed.
For such applications a high perception of the robot is
particularly important due to safety and dependabil-
ity reasons.

Within this paper we demonstrate the safety ad-
vantages of the newly designed ultrasonic sensing sys-
tem and we compare its behavior to the conventional
Polaroid ultrasonic sensing system in a typical indoor
environment.

In section 2 we will review related work. A specifi-
cation of the newly designed ultrasonic sensing system

will follow in section 3. The advantages of wide-range
ultrasonic environment coverage will be described in
section 4. Creating an environment model from wide-
range ultrasonic sensor data will be explained in sec-
tion . A conclusion will be presented in section

at d or

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

Wilkes et al. [1 ] present an algorithm that uses
multiple peaks in the return signals from several trans-
ducers with broad beams of 0° and overlapping fields
of view but they do not exploit cross echoes from
neighbor sensors. A grid based representation and
a ayesian update scheme similar to Matthies and

Ifes [10] are used to integrate the multiple return
signals from multiple transducers and multiple robot
positions.

Peremans and an Campenhout [11] propose a tri-
aural measurement system composed of one transmit-
ting and three receiving ultrasonic sensors in order
to distinguish between planes, corners and edges by
means of triangulation. They argue that with triaural
sensing much less measurements are necessary to rec-
ogni e these three basic reflector types in comparison
to standard time-of-flight sensor systems.

awit ky et al. [ | compare monaural (1 transmit-
ter, 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 nav-
igation.

org and erg [ | present an approach which allows
the simultaneous firing of sonar sensors by eliminat-
ing misreadings caused by crosstalk or external ultra-
sound sources. This is achieved by using appropriate
pseudo-random se uences together with a matched fil-
ter techni ue. Polaroid series transducers are used and
crosstalk can be either eliminated or exploited to per-
form triangulation.

Wirnit er et al. [1 ] use stochastic coding of the
transmitted signals and adaptive filtering of the re-
ceived signals to avoid mutual interference of the sen-
sors and interference with other ultrasonic sensor sys-
tems. The target application is an automotive low-
range detection system such as a car parking assis-
tant. Wide-angled sensors are employed and cross



echoes are explicitly used. An array of several sen-
sors allows, additional to distance measurements, to
locali e an obstacle inside the operating range of at
least two sensors of the array. Additional shape infor-
mation can be obtained if the sensors operate in the
cross echo mode. ased on this ultrasonic sensing sys-
tem, chmidt et al. [14] describe a triangulation-based
algorithm which allows to distinguish between circular
and plane objects and to identify obstacle edges.

Whereas in [1 | and [14] only four sensors are in-
tended to be fixed on a car bumper in distances of
about 40 or 0 cm, we use a significantly higher num-
ber 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 over-
lapping with a number of neighbor sensors and thus
can e ciently take advantage of multiple cross echoes.
Conse uently, we can describe our system as a multi-
aural measurement system. ince triangulation-based
algorithms are not very e cient if the sensor distances
are short, we developed a grid-based algorithm to ob-
tain increased information of the environment for such
sensor configurations on mobile robots.

cl cationo t trasonic ns

in st

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 e uipped with 2 antipodal aser Ranging

ystems from IC lectro-Optics.

The new ultrasonic sensing system consists of a
ring of 24 sensors, spaced with an angular displace-
ment of 1 ° and mounted on top of the robot (Figure
3). In contrast to other research work ([ ], [ ], [ ]),
which widely used ultrasonic range finders from Po-
laroid Corporation with a detection cone of 30°, we
employ wide-angled sensors of type 2.1 from Robert

osch mbH with an elliptical detection cone of 120°
in one axis and 0° in the other axis. The latter sen-
sors were primarily manufactured for automotive use,
e. g. for parking pilots ([4], [1 ])-

On the one hand, wide-angled ultrasonic transduc-
ers can detect objects within a broader range, but on
the other hand, they make it more di cult to estimate
within this broader range the actual location of the ob-
ject 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

Figure 3: ensor arrangement on a circular robot

neighbor sensors if 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 osch sensors exactly
above the upper ring of 24 Polaroid sensors this robot
is originally e uipped with. This facilitates compar-
ison of the two sonar sensing systems. The 2 laser
range finders are also mounted on top of the robot in
order to scan just above the sonar rings, which allows
comparison between sonar readings and laser readings.

We orientate the ultrasonic sensors with the 0°
detection range to a hori ontal 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 hori ontal position and would
then obtain beam-width overlapping with even more
neighbor sensors.

If beam-width overlaps up to the third neighbor
sensor on each side, every eighth sensor in the ring
can be fired simultaneously without mutual interfer-
ence. The other sensors are in a listening mode during
this time. The sensor in the middle of seven passive
sensors 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 en-
vironment has fallen beneath a detectable level, the



next three sensors can be fired.

We speak about direct echoes if the transmitting
sensor also receives the signal, and we speak about
cross echoes if one of the neighbor sensors receives
it. With the chosen sensor orientation, the hori ontal
detection range for direct echoes is 0° and for cross
echoes approximately 4 °, 30° or 1 °, depending on
whether the first, second or third neighbor sensor is
involved, since the angular displacement of the sensors
is 1 °. Conse uently, we obtain 24 direct echo paths

and 144 ( 24) cross echo paths.
Ad anta s o id an tra
sonic n iron nt o ra

If two narrow-range sensors with non-overlapping
detection cones are employed and a circular object is
located within the detection range of one sensor, a di-
rect echo () exists between the sensor and the object
(Figure 4). In such cases only the distance but not the
exact location of the object can be determined, since
the object can be placed anywhere in the respective
distance on a circular arc within the detection angle of
this sensor. In contrast, if two wide-range sensors with
overlapping detection cones are utili ed and a circular
object is located within the overlapping range, direct
echoes (, ) exist between each sensor and the ob-
ject as well as cross echoes (, ) from each sensor
via the object to the other sensor (Figure ). In such
cases the distance and the exact location of the object
can be determined by exploiting the redundant sensor
information.

enerally, an object can be detected by an ultra-
sonic sensor if the surface of the object has a perpen-
dicular reflection line falling within the detection range
of the sensor. We define this condition as ”detectabil-
ity condition”. If an object is located within the de-
tection cone of a sensor but the surface of the object
has no perpendicular reflection line falling within the
detection range of the sensor, the transmitted ultra-
sound will be reflected away from the sensor. Figure
shows a situation with a plane object and narrow-
range sensors, where no echoes exist, since the de-
tectability condition is not satisfied. Figure shows a
situation with the same plane object and wide-range
sensors, where direct echoes ( , ) as well as cross
echoes ( , ) exist, since the detectability condition
is complied with.

The reliable detection of plane objects with smooth
surfaces represents a challenge for ultrasonic sensing.
For instance, the detection of mirrors and panes is

Sensor 1 Sensor 2
< s

Figure 4: Distance determination of a cylindrical ob-
ject with narrow-range sensors
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Figure ocation determination of a cylindrical ob-
ject with wide-range sensors
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Figure Object surface having a perpendicular
falling outside the detection cones of narrow-range
sensors
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.

Figure Object surface having a perpendicular
falling inside the detection cones of wide-range sen-
sors

very important, since these objects cannot be recog-
ni ed by laser range finders. However, the detection of
other materials can be of similar concern, since laser
range finders also cannot recogni e objects above and
below the scanning level. In order to improve three-
dimensional robot perception with wide-range sensors,
algorithms for detecting plane objects have been de-
veloped, which will be outlined in section

Figure and Figure display photos of a typical
o ce environment in which the developed algorithms
were evaluated. The photos show the same scene from
opposite points of view.

Figure
y-direction)

valuation environment (view in positive

Figure
y-direction)

valuation environment (view in negative

Distance readings were ac uired within the evalu-
ation environment with both ultrasonic sensing sys-
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Figure 10: Distance readings from the Polaroid ultra-
sonic sensing system

tems as well as with the laser range finders. As a
basis to compare sonar readings with laser readings,
a polygonal environment model was extracted from
laser range finder data [2]. Figure 10 shows the dis-
tance readings obtained from the Polaroid ultrasonic
sensing system together with the polygonal environ-
ment model. Isometric lines for direct echoes obtained
from the narrow-range sensors are depicted as hori-
ontal circular arcs with 30°. Figure 11 shows the
distance readings obtained from the novel ultrasonic
sensing system together with the polygonal environ-
ment model. Isometric lines for direct and cross echoes
obtained from the wide-range sensors are depicted as
hori ontal circular arcs with 0° and elliptical arcs
with about 4 °, 30° or 1 ° respectively. cho paths
with no detectable echo within the operating range of
the sensors are represented by arcs corresponding to
the maximum distance detection range ( 2 ).
y comparing Figure 10 and Figure 11, the signif-
icantly higher number of echo arcs obtained with the
novel ultrasonic sensing system in comparison to the
Polaroid ultrasonic sensing system can be reali ed. In
both figures it can be observed that echo arcs appear
at( ) (1300)and( ) (0 0 ) which do
not correspond to the polygonal environment model.
The differing 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 recogni ed by the
laser range finders and they are conse uently not con-
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o
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Figure 11: Distance readings from the novel ultrasonic
sensing system

tained in the polygonal environment model extracted
from laser range finder data.

n iron nt od ro id
an trasonic nsor ata

An environment model can be created from wide-
range ultrasonic sensor data by extracting straight line
elements as follows [3]:

We first represent all circular and elliptic echo arcs
within the attainable distance detection range by a
predefined number of e uidistant points on the arc.
Then we assume that an echo could originate from
the surface of an object located at each discrete point
on the arc and having a perpendicular reflection line
to the sensor. We assume the potential reflecting sur-
faces to be vertical and we represent them by hori-

ontal lines on the level of the sensor, thus implying
hori ontal echo paths between the sensors and the ob-
jects. y using Hesse s normal form of the e uation
of a line (with the distance from the point of origin
in the coordinate system and the angle between the
normal of the line and the x-axis), the lines can be
Hough transformed into parameter space and can be
illustrated as points in a -diagram.

We now create a 100 100 occupancy grid in pa-
rameter space with a cell si e of 004 in -dimension
and a cell si e of 00 2 in -dimension. We ac-
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Figure 12: Detected straight line elements in
workspace

cumulate the number of points in each cell and there-
after we apply a two-dimensional low pass filter to
the occupancy grid in order to balance between neigh-
bor cells. Then we search for highly occupied cells
in the filtered grid by comparing the occupancy val-
ues with a predefined occupancy threshold. Accord-
ing to this, all points belonging to cells with an occu-
pancy value beneath the threshold are discarded and
all points belonging to cells with an occupancy value
beyond the threshold are used for building clusters.
The clusters consist of points belonging to regions of
cohesive highly occupied cells that can be determined
by a connected components analysis. Finally, we cal-
culate the centers of gravity for the clusters, which
represent detected straight line elements in parame-
ter space. Figure 12 shows the detected straight line
elements in workspace.

It can be noted that two of the four detected
straight lines correspond to line elements in the polyg-
onal environment model derived from laser range
finder data. The other two straight lines of the ul-
trasonic environment model arise from the table edge
and from the chair back-rest which are not contained
in the laser range finder environment model, since they
could not be recogni ed by the laser range finders due
to their lower height.

We remark that the four straight line elements of
the ultrasonic environment model were obtained by a
single ultrasonic scan around the robot from a fixed

robot position. Ongoing experiments have already
proven that more detailed models can be obtained by
integrating sensor data when the robot moves around
and scans the environment from different points of
view. This also allows to model further distant ob-
jects which could not be detected from a stationary
robot position due to the limited distance detection
range of the ultrasonic sensors.

onc usion

We have shown that three-dimensional robot per-
ception can be significantly improved by wide-range
ultrasonic environment coverage and by exploiting the
overlapping of detection cones from neighbor sensors.
In order to benefit from the increased sensor infor-
mation, algorithms have been developed for extract-
ing straight line elements from wide-range sensor data
obtained by a single ultrasonic scan around the robot
from a fixed robot position. The developed algorithms
are particularly suitable for detecting plane objects
with smooth surfaces like mirrors or panes, which can-
not be recogni ed by laser range finders. Improved
robot perception enhances navigation safety and robot
dependability within unknown dynamic environments.
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