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This study developed and implemented a new feature-based map-building model that uses

only sparsely sampled sonar data from a fixed ring with 16 sonar sensors. It introduces two

kinds of data filter approaches to overcome challenges associated with sonar sensors, such as a

wide beam aperture and the specular reflection effect. The first approach is a footprint-associa-

tion (FPA) model, which associates two sonar footprints into a hypothesized circle frame in

order to determine the feature type, such as a line, a point, or an arc. The FPA model provides

information about the trace of centers of hypothesized circles. It extracts features from a cluster

composed of more than two independent footprints that originate from the same object. The

other approach is a feature-association (FTA) model, which associates a new sonar footprint

into extracted features to update the feature. Both proposed methods were tested in a home-like

environment using a mobile robot.
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1. Introduction

Mobile robot navigation requires certain vital
information, including a representation of the en-
vironment, localization, path planning, and ob-
stacle avoidance. In most cases, building a map of
an environment can be the basis for other func-
tions used in autonomous navigation. Applica-
tion of an environmental map allows a robot to
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recognize its position, obstacle locations and their
geometric shapes, and the state of a working space
(Thrun et al., 2004).

Typical sensors for building environmental maps
include vision systems (Lee et al., 2005) and laser,
infrared, and ultrasonic rangefinders. Researchers
have used ultrasonic sensors extensively not only
because these sensors are inexpensive but also be-
cause they provide direct depth information about
object locations. Moreover, these sensors have a
relatively long detection range and are unaffected
by changes in light intensity. However, a sonar
beam’s specular reflection effect (Lim and Cho,
1994) results in the multipath phenomenon. This
phenomenon, together with a wide beam aperture,
makes it difficult to gather object locations using
only a single sonar measurement.
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Researchers commonly use two different ap-
proaches to build sonar maps. The first approach
is grid-based and divides the environment into
several two-dimensional (2-D) or three-dimen-
sional (3-D) cells. Each cell is represented by the
probability of its being occupied by an object
(Elfes and Moravec, 1985). Two typical tech-
niques for building grid maps are the Bayesian
updating model (Cho, 1990) and the orientation
updating model (Lim, 1994 ; Lim and Cho, 1996).
Use of a grid map is very efficient for representing
object locations, regardless of object shapes, but
building and maintaining a map of a large space
requires considerable memory.

The other common approach is feature-based
and represents the environment using three basic
primitive geometries: a line, a point, or an arc.
Crowley (1985) developed one of the earliest fea-
ture-based approaches by introducing the concept
of the composite local model. This model used
extracted straight-line segments from sets of sonar
data and provided localization by matching them
to a global line segment map stored previously.
Wijk and Christensen (2000) later developed tri-
angulation-based fusion (TBF) of sonar data,
which delivers stable natural point landmarks.
Nagatani et al.(1999) developed the arc trans-
versal median (ATM) method and an arc carving
algorithm. ATM and arc carving fused multiple
sonar readings to improve azimuth resolution.

Leonard and Durrant-Whyte used a rotating
sonar scanner to obtain densely scanned sonar
data (Leonard, 1992), developing a simple thresh-
old technique to extract regions of constant depth
(RCDs) that were used to extract features such as
lines and points. Kleeman (1999) designed a new
sonar system based on a digital signal processor
(DSP). This system was able to produce accurate
measurements and on-the-fly single cycle classi-
fication of planes, corners, and edges.

This study developed and implemented a new
feature-based map building model. The model
does not use densely sampled sonar data from a
rotating sensor ; instead, it uses sparsely sampled
sonar data from a fixed ring of 16 sonar sensors.
Two kinds of data filter approach were developed
to overcome two intrinsic challenges of using sonar

sensors : the wide beam aperture and the specular
reflection effect. One approach is a footprint-as-
sociation (FPA) model, which associates two so-
nar footprints into a hypothesized circle frame
in order to determine feature type such as line,
point, or arc. The FPA model is able to provide
information on the trace of centers of a hypothe-
sized circle that is simultaneously tangential to
the two circles defined by two sets of sonar range
data. It clusters sets of data associated with iden-
tical primitive geometry and extracts a feature.
The other data filter approach is the feature-as-
sociation (FTA) model, which associates a new
set of sonar data with extracted features in order
to update feature information such as geometric
shapes and their confidence rankings. During the
study, both proposed methods were tested in a
home-like environment using a mobile robot.

2. Ultrasonic Sensor

Sonar sensors can measure how far they are
from the nearest object by using the elapsed time
between a sonar beam’s transmission and detec-
tion. Researchers have put a great deal of effort
into building good quality sonar maps (Crowley,
1985 ; Elfes and Moravec, 1985 ; Cho, 1990 ; Lim,
1994 ; Lim and Cho, 1994, 1996). While some
successes have been reported, results have largely
been disappointing because ultrasonic sensors pro-
duce considerable angular uncertainty due to
their wide beam aperture ; they also suffer from
the specular reflection effect (Lim, 1994 ; Lim and
Cho, 1994, 1996).

Sonar beam power varies according to the angle
from sensor bearings, as shown in Fig. 1. An
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Fig. 1 Plot of the sonar beam power and shape of a
sonar footprint. Note that dB is normalized to
the on-axis response
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angle at a power level of —6 dB is usually con-
sidered an effective beam aperture, so a sonar
beam aperture is about 20-30°. A sonar beam has
the approximate shape of a simple fan with an
angle identical to the effective beam aperture ; we
define this shape as the sonar footprint.

Ultrasonic sensors return a radial measure of
distance to the nearest object within their range of
detection. However, they frequently fail to detect
the nearest object. There are two possible expla-
nations for this (Lim and Cho, 1994 ; 1996). First,
the object’s surface may produce an echo ampli-
tude that is too small to be detected by the re-
ceiver. Second, the echo pulse may be reflected
away by a surface that is not perpendicular to
the transducer axis. The latter, referred to as the
specular reflection effect, happens more frequent-
ly. Since the surfaces of most real-world objects
can be considered specular for ultrasonic sensors,
this effect is almost always observed when the
incidence angle is greater than half the beam’s
aperture (Lim, 1994).

Figure 2 presents measuring patterns of ul-
trasonic sensors according to the density of scan-
ned data. The figure illustrates how the sonar
sensors frequently do not detect walls due to the
specular reflection effect. As shown in Fig. 2(e),
it is possible to reduce both angular uncertainty
and the specular reflection effect considerably by
using densely scanned data to examine associa-
tions among neighboring sets of data. The RCD
method is one simple and powerful means of re-
ducing both the specular reflection effect and an-
gular uncertainty (Leonard, 1992). However, these
methods cannot be used when data are sparsely
scanned because neighboring sets of these data
have few associations. A single rotating sonar is
usually applied to gather densely scanned data,
but a single rotating sonar is not adequate for
applications because it has a slow data acquisi-
tion speed. In addition, it requires a robot to stop
when acquiring scanned data.

This study tested a sonar ring that gathered
data quickly while a robot was in motion. In
total, 16 sensors were mounted on the sonar ring,
one every 22.5° (the effective beam aperture). As
mentioned above, sparsely scanned data do not
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Fig. 2 Measurement pattern according to the num-
ber of sensors in a sonar ring and robot bear-
ings: (a) 8 sonar sensors with 0° of robot
bearings, (b) 8 sonar sensors with 22.5° of
robot bearings, (c) 16 sonar sensors with 0°
of robot bearings, (d) 16 sonar sensors with
11.3° of robot bearings, and (e) 32 sonar
sensors with 0° of robot bearings. The sparse
sonar data resulted in a remarkable change in
vehicle orientation

allow rejection of incorrect data corrupted by the
specular reflection effect, and cannot reduce the
sonar beam’s angular uncertainty. To compensate
for these challenges, we developed data filter mod-
els among the sonar footprints acquired at differ-
ent scanning steps.

3. Data Filter Models

We tested two kinds of data filter model to
overcome the problems of wide beam aperture
and the specular reflection effect. One was a foot-
print-association (FPA) model, which associates
two sonar footprints into a hypothesized feature
such as a line, a point, or an arc. This model



Feature- Based Map Building Using Sparse Sonar Data in a Home- Like Environment 77

provides information about associated features.
The other was a feature-association (FTA) model,
which associates a new sonar footprint into ex-
tracted features to update geometric information.

3.1 Footprint-association (FPA) model

Sonar range readings generally contain consid-
erable angular uncertainty because of their wide
beam angle aperture. In addition, sonar sensors
often produce false readings due to specular re-
flection of sound waves. Association of more than
two sets of sonar data is therefore very important
to prevent false readings and reduce angular un-
certainties. Application of the FPA model allows
determination of whether two sonar footprints
are associated with a line, a point, or an arc. As
shown in Fig. 3, sonar footprints that correspond
to a plane or a cylinder should all be tangential
to that plane or cylinder, while sonar footprints
that correspond to a corner or an edge should
all intersect at a corner or edge point (Leonard,
1992).

The FPA model basically estimates the possi-
bility that two sets of sonar data originate from
the same feature. For the example shown in Fig.
4, we can define two circles centered at sensor
locations with radii equal to footprint range val-
ues, z1 and 2., and define the effective sonar beam
aperture as each footprint’s constraint angle, re-
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Fig. 3 Sonar footprints corresponding to (a) a plane,
(b) a corner, and (c) a cylinder

presented by the shaded fan shape. We can define
a local coordinate system, centered at sensor lo-
cation 1 (point O in Fig. 4), with sensor location
2 (point B in Fig. 4) on the positive x-axis at
position x=d, where d is the distance between
the two sensor locations. The FPA model assumes
that if any two sets of range data, z; and 2z, ori-
ginate from the same object, a hypothesized fea-
ture should define the third circle, which is tan-
gential to the two circles defined by the footprints
(Leonard, 1992). The general problem therefore
is to find radius R of the third circle that de-
fines the hypothesized feature. If the value of R
approaches zero, the hypothesized feature should
be a point, while if the value of R is infinite we
can expect a line feature.

Let ¢ be the bearing from the original of the
local coordinate system to the center of a hy-
pothesized circle. We can get ¢; using the law of
cosines such as Eq. (1):

(21+R)2—(22+R)2+d2> (1)

dr=cos™ ( 2d 2+ R)

Unfortunately, we cannot uniquely determine
the third circle because both R and ¢ are un-
knowns. Leonard developed very simple method
to determine the third circle (Leonard, 1992).
That is, he found ¢; by taking the limit as R —
infinite and R — 0 respectively. As a result, the
method can only be applied in the special case

Marximpfh Circle
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Fig. 4 Hypothesized circles that are tangential to
the two circles defined by the footprints: (a)
possible radius range for the hypothesized
circles without considering angle constraints,
and (b) trace of virtual circles’ centers that
satisfy the angle constraints
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of line and point targets. We generalized the
method by considering that bearing ¢ for each
sensor footprint must simultaneously satisfy the
angle constraint defined as an effective beam aper-
ture. This fact makes it possible to calculate the
bearing range, i.e., @min and Pmax, and the corre-
sponding Fmin and Fmax. The bold solid line seg-
ment in Fig. 4, defined as the center line, re-
presents possible center locations of the hypothe-
sized circles with radii between Rmin and Rmax.

It is possible to determine the bearing of a hy-
pothesized circle uniquely for some special cases.
If Ruin is very large or approaching infinity, the
two footprints are clustered into a line feature,
and the corresponding bearing is calculated as
Eq. (2):

$r=cos™! (%) 2)

In contrast, if Rmax is very small or approach-
ing zero, the footprints are clustered into a point,
and ¢, is calculated as Eq. (3):

zA—z+d* )

2dz (3)

¢>1=cos*1<

Otherwise, the footprints are clustered into an
arc feature. In this case, it is not possible to de-
termine the hypothesized circle uniquely with
only two sets of sonar data. If another set of sonar
data is available that is associated with the same
arc feature, the hypothesized circle can be deter-
mined uniquely by calculating the cross point of
the two center lines. Section V discusses this pro-
cess in more detail.

3.2 Feature-association (FTA) model

Using the FPA model explained above, all
sonar readings that correspond to the same fea-
ture are clustered together. Tentative features are
then extracted from the clusters and promoted to
confirmed features according to the number of
sonar data supporting the same hypothesized fea-
ture (Leonard, 1992). Once a tentative feature
has been extracted, a footprint association is no
longer required because that association was only
used to determine the tentative feature; at this
point, a feature of the footprint association (FTA)
model is instead required.
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Fig. 5 Predicted footprints corresponding to (a) a
line, (b) a point, and (c) an arc feature

The FTA model tests whether it is possible for
a footprint to have originated from the given ten-
tative feature. Figure 5 shows the predicted foot-
print, i.e., predicted range R and bearing d for
each feature type. If the footprint satisfies the
angle and range constraints given below, the FTA
is successful.

In Eq. (4), R is the measured range, and O re-
presents parameters to be designed based on sen-
sor resolution. If the bearing of the sensor that
produces range R is On, then 6; and 8, are de-
fined as Eq. (5):

01=On—5> Ou=0On+3" (5)
w is the effective beam width of sonar.

An occlusion test is performed for range data
that satisfy FTA, and if the corresponding feature
is not occluded it is updated. If the updated fea-
ture is tentative, it will be promoted to a con-
firmed feature if it satisfies the given conditions.

4. Extraction of a Line
or Point Feature

The parameters that characterize a line fea-
ture are two end points and the visible direction ;
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the parameters of a point feature (a corner or an
edge) include point position and visible direc-
tion. The visible direction of a line feature, de-
fined as normal direction of the line, represents
which side of the line is visible. In contrast, the
visible direction of a point feature represents the
angle range within which a robot can perceive the
feature.

Figure 6 shows how line and point features are
extracted and promoted. Sets of sonar data that
support the same feature are clustered together
using the FPA model. For feature promotion, we
applied the procedure proposed by Leonard (1992),
in which any cluster with more than four sets of
sonar data is promoted to a tentative feature and
if a cluster has six data sets, the tentative feature
is promoted to a confirmed one.

The two end points of a confirmed line feature
are calculated from the two sets of data corre-
sponding to the end points, and the visible direc-
tion is found by calculating the normal direction
from the sensor position to the line. In contrast,
the position of a confirmed point feature is deter-
mined from the intersection of cluster footprints,
and the visible direction of the feature is defined

Tentative Line

Confirmed Line

Fig. 6 Extraction of (a) a line and (b) a point fea-
tures. The line is characterized by two end
points and visible direction. The point line is
characterized by the intersection point and
range of visible angles (visible directions)

by the minimum and maximum sensor bearings
among the cluster footprints.

When using the FTA model, a confirmed fea-
ture is updated whenever a new set of data sup-
porting the feature appears. Only the two end
points of a line feature and visible direction of a
point feature are updated if necessary. The visible
direction of a line feature and position of a point
feature are not updated because they do not
change and they could be corrupted by a robot’s
angle and position errors, which tend to accumu-
late as robots move.

5. Arc Feature Extraction

The extraction of a line or point feature is a
special case in which the radius of the hypothe-
sized circle approaches infinity or zero, so uncer-
tainty about the radius is minimized even though
sonar footprints produce considerable angular
uncertainties. In the extraction of an arc feature,
however, the radius of a hypothesized circle is
not limited except for its range of Rmin and Fmax,
as defined in section III. This study developed
new approaches to extract and update arc features
from sparsely sampled sonar data. Three parame-
ters define an arc feature : the center location, the
radius, and visible angles corresponding to the
angle of a circular arc. After the initial parameter
values are determined using three sets of sonar
data at different positions, they are continually

Trace of center poinis fromz, =z /
. Trage of center points from =, =,
N 'y

Fig. 7 Geometric relation for the arc feature extrac-
tion
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»

Fig. 8 Promotion of an arc feature

updated using the FTA model.

Figure 7 presents the geometric relationships
for arc feature extraction. Using the FPA model,
we can calculate the trace of center points using z
and z», and can determine the range of trace, the
thick solid line in Fig. 8, using Rmin and Fmax as
defined in section II. Likewise, we can determine
the range of trace using 2 and z;. We can then
find the intersection of the two traces. If the point
of intersection exists within both ranges of traces,
they are classified as a new tentative arc feature.
If more than four sets of footprints consistently
support the same arc feature, the arc feature is
promoted to a confirmed one. The confirmed arc
feature is continuously updated whenever a new
footprint supporting the FTA model appears, as
shown in Fig. 8.

6. Experimental Results

The proposed map building methods were im-
plemented and tested in a real home environment
with a mobile robot. The mobile robot used in
these experiments was the Pioneer 3-DX, built
by the ActiveMedia Robotics Company. A sonar
ring composed of 16 sonar sensors at uniform in-
tervals of 22.5° was mounted on top of the robot.
The sonar sensor was a Polaroid 600 Series with
a beam aperture of approximately 22.5°, a mini-
mum detection range of 10 cm, and a maximum
detection range of 10 m. Figure 9 shows the ex-
perimental environment, which consisted of so-
fas, tables, bookshelves, a clothes chest, chairs, an
ashtray, and a fire extinguisher. Table and chair
legs had diameters of 6 cm and 4 cm, respective-
ly. A remote controller was used to program the
robot to move along the area represented by a
dashed line in Fig. 9, and no localization was
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Fig. 9 Configuration of the experimental environ-
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Fig. 10 Experimental results of feature mapping

applied. In total, 2800 data points were collected
from 175 different positions ; however, after ap-
plying the FPA model, only 474 sets of data were
used to extract the features.

Figure 10 presents the mapping results after the
robot made a complete circuit of the environ-
ment. Solid lines, dots, and the solid arc represent
line features, point features, and an arc feature, re-
spectively. Some unexpected line features appear-
ed in the resulting map. This type of false line
feature can appear when the distance between any
two point features is very small. This problem is
clearly illustrated by the small table and chair legs
in the middle of the environment; these were
estimated as both line and point features. These
false lines are outliers to be rejected. The ashtray,
which was shaped as a cylinder, was estimated as
only a partial arc feature. This occurred because
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the robot moved in a straight line as shown in
Fig. 9, so it could not perceive the other side of
the cylinder. One can see the line segments or
points around the corners were hardly recovered.
This is because of the well known ’corner prob-
lem of sonar sensors’ due to specular reflection
effect at the corner. In total, 25 line features, 37
point features, and 1 arc feature were identified.
Considering the uncertainties of sonar sensors
and the sparse sonar data, the quality of the re-
sulting map was relatively good for navigation of
the mobile robot.

7. Conclusions

This study developed and implemented a new
feature-based map building model that does not
use densely scanned sonar data from a rotating
sensor but instead uses sparsely sampled sonar
data from a fixed ring with 16 sonar sensors. It
introduced two kinds of data filter approaches,
FPA and FTA, to overcome the challenges of
sonar sensors such as the wide beam aperture and
the specular reflection effect. One approach was
the FPA model, which associates two sonar foot-
prints into a hypothesized circle frame to deter-
mine the feature type such as a line, a point, or an
arc. In this model, tentative features are extracted
from clusters composed of more than two inde-
pendent footprints supporting the same hypothe-
sized feature. The other approach was the FTA
model, which associates a new sonar footprint
into existing tentative or confirmed features to up-
date their geometric information or promote them
to confirmed features.

The developed methods were implemented and
tested in a real home environment using a real
robot. Results indicated that the resulting map
quality is sufficiently for navigation of a mobile
robot. Therefore, the proposed method of feature
map building could be applied to simultaneous
localization and mapping (SLAM) of a mobile
robot.
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