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Abstract— This paper describes a method of stereo-based
road boundary tracking for mobile robot navigation. Since
sensory evidence for road boundaries might change from place
to place, we cannot depend on a single cue but have to use
multiple sensory features. The method uses color, edge, and
height information obtained from a single stereo camera. To
cope with a variety of road types and shapes and that of their
changes, we adopt a particle filter in which road boundary
hypotheses are represented by particles. The proposed method
has been tested in various road scenes and conditions, and
verified to be effective for autonomous driving of a mobile
robot.

I. INTRODUCTION

Outdoor navigation has been one of the fundamental
research areas in robotics. To realize a fully autonomous
navigation, a robot has to have many functions such as
route planning, localization, road detection and following,
and obstacle avoidance. This paper focuses on road detection.

Various approaches have been proposed for detecting
roads or traversable regions. Examples are: detecting road
boundaries using vision [1], [2], extracting road regions using
color [3], [4], road plane extraction using stereo [5], detecting
road boundary features using range sensors [6], [7], and
detecting traversable regions using multiple sensors [8].

In a well-prepared road scene such as an expressway, a
specific feature (e.g. white lane markers) can be used for road
detection. Since effective sensory information varies from
place to place, however, it is indispensable to use multiple
sensory features. It is also necessary to temporarily integrate
sensor data to cope with occasional sensing failures and
missing effective features using, for example, Kalman filters
[2], particle filters [9], [10], or swarm-based region detection
[11].

We have developed a robust road boundary modeling
method using a camera and a 2D laser range finder [12].
In this method, multiple sensory features (color, edge, and
range) and flexible road models are effectively integrated in
the particle filter framework. We also performed preliminary
experiments using a stereo camera, instead of the laser range
finder, for obtaining shape information of road boundaries.
In this paper, we extend the method with an improved
road model for stereo data and extensively evaluate its
performance by road detection and navigation experiments
in various scenes.

The rest of the paper is organized as follows. Sec. II
explains the boundary tracking method we have developed
and its extension. Sec. III describes results of road boundary
modeling experiments with the one to show the effectiveness
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Fig. 1. Overview of the proposed method.

of estimating the gaps between image features. Sec. IV
shows navigation experiments for various road scenes. Sec.
V concludes the paper and discusses future work.

II. ROAD BOUNDARY TRACKING METHOD
A. Overview of the method

The proposed method adopts a particle filter [13] for
integrating multiple sensory information and for managing
the road shape and type changes. Fig. 1 shows an overview
of the method. The right-hand side of the figure indicates the
iteration of particle filter, while the left-hand side indicates
the sensor data processing. We use color, edge, and height
features obtained from a stereo camera.

B. Road model and state vector

1) Unbranched and branching models: A state vector has
both the robot position and the road parameters, with respect
to the previous robot pose, for their simultaneous estimation.
The robot position is equivalent to the ego-motion from the
previous position, which is represented by 2D translation and
the rotation.

We use two types of models: unbranched model and
branching models (see Figs. 2 and 3). A model basically
consists of a set of road segments, each of which is either
linear or circular type. A branching model additionally has
a branching part.

2) Representing gaps between image feature positions:
Fig. 4 shows a road scene where different boundaries are
supported by different features. Such gaps often exist but
but they can be considered constant in a local region. We
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Fig. 4. Gaps between road boundary features.

thus explicitly estimate the gaps as a part of the boundary
parameters. The position of road boundary is set at that
of color boundary and the positional difference of edge or
height boundary from there is modeled.

The gap G is thus represented by:

G=lgl.9" 95 1] (1)

where superscripts mean the side (left or right) and subscripts
mean the type (edge or height). In our previous method
[12], only a gap between image and range boundary is
estimated. The new gap model considers all gaps between
boundaries. The effect of explicitly estimating the gaps will
experimentally shown in Sec. III-C.

3) State vector: The unbranched road model is repre-
sented by:

Xu = [U,w,G,S1,Sg,...,Sﬁ], (2)
U = [Az,Ay,Af], 3)
Si = [$:7y:7$ivyia%} ) (4)

where U is the robot ego-motion, .S; is the parameters, which
are two boundary points on both sides ((z7,y!) and (z!,y!))
and the local curvature v;, of the ith segment, w is the width
of the road, respectively. w is assumed to be common to the
current set of segments, but is estimated on-line. Length h;
is set to a constant (currently, 1.0 [m]).

The model for T-branches has extra parameters S for the
branching part, represented by:

Sp = [xlvylvxr7yrywbvr} ) (5

where (z!,4') and (2",y") are the entry points, w, is the
width of the branch, r is the radius of the branching point.
The branching road model is then given by:

X, = [U,w,G,S{,S{,...,Sb,S{,Sg,...} )
where Sif and S are the segments for the front and the rear
part; the number of these segments varies according to the
width wy of the branch.

Extra parameters S, for the model of crossings is repre-
sented by:

1.1l l l
Sc: [l‘7y7$rvyTawb,w£77"77“r} 5 (7)

where the width of branch and the radius are used for
respective branches. The model for crossing is similar to
that for T-branches (see eq. (6)).

C. Image feature extraction and likelihood calculation

Evidence from three kinds of stereo image features (color,
edge, and height) is extracted by generating three gradient
images as shown in Fig. 5. A color gradient image is
generated by first estimating the road region color model
from a set of latest frames and then calculating gradient. An
intensity gradient image is calculated by applying a median
filter to the input image followed by a Sobel filter with
Gaussian smoothing. A height gradient image is generated
by first converting the input stereo depth image into a the
height image, which represents the height of each pixel in
the robot local coordinates, and then apply a differentiation
with a Gaussian smoothing.

These gradient images are normalized to the range [0, 255]
and used for likelihood calculation as follows. The road
model with respect to the robot pose is mapped onto the
image and the gradient values under the mapped boundary
are collected and averaged. The gaps between boundaries
of different features are considered here in mapping. This
averaged value is then transformed to a likelihood value
ranging [0, 1] using a sigmoid function:

L(x)

T Ttexp{—k(z—xo)}

(®)
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Fig. 5. Input and gradient images for Road boundary features.

where parameters a, k, and x. are determined empirically
for each image feature.

Six likelihood values are calculated for every combination
of the three features (color, edge, and height) and the two
sides (left and right). The importance weight of a particle
is given by the product of all likelihood values. In some
cases, however, the likelihood values for a combination
become very small for any particles due to, for example,
a discontinuity of curb or strong cast shadows. This makes
the weights for all particles become very small and many
promising particles might be deleted. To avoid this, if the
maximum likelihood for a feature on one side is less than a
threshold (currently, 0.1), the combination of the feature and
the side is considered not to be effective and is not used.

D. Road model update

The state transition step in particle filter transforms a set
of particles to another set by robot ego-motion estimate and
road model update. The former is calculated from visual
odometry [12]. The latter is a key of our tracking method,
which adaptively generates new particles to cope with road
type changes. The road model update takes place when the
robot is judged to enter a new road segment. The previous
segment where the robot was is deleted and a new one is
attached as shown in Figs. 6 and 7.

In the case of unbranched road, one usual road segment
is attached. For each particle which should be updated, the
curvature of the attached segment is chosen by sampling
from a given probabilistic distribution.

The branching parts of a road gradually become visible
as the robot moves, similarly to the case of unbranched
roads. It is therefore possible to always make hypotheses
of branching roads when new road segments are attached.
Since the occurrence of branching parts is much smaller
than ordinary road segments, however, such a hypothesis
generation may waste particles. We thus add branching road

Fig. 7.

Generating a branching road model.

models only when they are likely to be approaching.

For this purpose, we examine the trends of the likelihood
values for the intensity gradient, the color gradient, and the
height gradient along the direction of the road to determine
if a branch or crossing is approaching. We calculate their
averaged values for all particles and describe them as func-
tions of the distance from the robot along the road. We try
to find regions where all averaged values are less than some
threshold (currently, 0.2) and whose length is larger than
another threshold (currently, 1 [m]). If such a region exists,
particles for appropriate branching models are generated.

Fig. 8 shows an example of likelihood trend. Since there
is a region with low likelihood values on the right, particles
for right T-branches are generated.

III. ROAD BOUNDARY TRACKING EXPERIMENTS

This section describes results of off-line road boundary
tracking using stored data. Fig. 9 shows two routes for the
experiments. The first route is about 100 [m] long and has
two crossings. The second one is about 80 [m] long; it is
pavement with slight curvature and with roadside trees on
one side.

A. Robot and sensor

Fig. 10 shows our mobile robot. The mobile base is an
electric wheelchair, PatraFour by Kanto Auto Works Co.,
which can be controlled by a laptop PC (Core i7 620M,
2.66GHz, 3GB memory). We use a Bumblebee2 stereo
camera by Point Grey Research Inc. (100 [deg.] horizontal
field of view), set at the height of about 1.70 [m] looking
down by 25 [deg.] for gaining maximum visibility of road
surface. A sunshade is attached to the camera to prevent the
sunlight.
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Fig. 8. An example of likelihood trend

B. Road boundary tracking results

Fig. 11 shows tracking results for the first route. The left
image in each figure indicates road boundaries obtained from
the particle set superimposed on the input image. To see
which feature is effective, we assign the three primary colors,
red, green, and blue, to color, edge, and height information,
respectively. Mixture of colors is obtained when multiple
features are effective. The right image in each figure is a kind
of certainty distribution of road regions in the robot local

(b) stepl5

(h) step45

(i) stepS0

Results of road boundary modeling.

(a) First route. (b) Second route.

Fig. 9. Two routes for off-line experiments.

Fig. 10. Our mobile robot and a stereo camera.

coordinates, obtained by voting road regions coming from
the current set of particles. Brighter pixels indicate higher
certainties. We can see road shape is correctly recognized in
various scenes including crossings.

C. Effect of estimating gap between image features

Estimating gaps between every image feature is an exten-
sion of the method proposed in this paper. We here examine
the effect of gap estimation. Fig. 12 shows the difference
of estimated road boundaries for the cases with and without
gap estimation. In the gap estimation case, the position of
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Fig. 12. Comparison of estimation with and without gap estimation.
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Fig. 14.  Comparison of likelihood distributions.

the road boundary is shown at that of color features. White
colors of superimposed boundaries indicate multiple features
are more effectively integrated than in the case without gap
estimation.

For a more precise examination, we choose the position
2.5 [m] ahead of the robot and calculate the distribution of
boundary positions and likelihoods of particles. The red line
in Fig. 12 indicates the position for examination.

Fig. 13 shows the distributions of the horizontal positions
on the red line. We divide the particles into three groups by
the most dominant (i.e., the highest likelihood) feature. Fig.
14 shows the distribution of the total likelihood of particle.
These figures show that with the gap estimation, particles
are distributed in a narrower area and the total likelihood is
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Fig. 15. Comparison of success rates.

higher because the pieces of evidence from different features
at different positions are effectively integrated.

Fig. 15 compares success rates for the two cases. We ran
the tracking method five times for each case and calculated
the success rates. A run is considered successful if the
boundary tracking is judged to be correct until the end by
human visual inspection of the resultant road boundaries
mapped onto the image sequence. The figure shows that the
necessary number of particles, that is, the calculation cost
can be made smaller by the gap estimation while keeping
the reliability of estimation.

IV. NAVIGATION EXPERIMENTS

Autonomous driving experiments were conducted at the
routes shown in Fig. 16. The robot moved at 0.7 [m/s] and
the frame rate was about 3 [fps] with the number of particles
being 500. Based on the recognition result of road shape, the
robot was controlled to move at the center of the road.

There are four crossings in the fourth route. A crossing
is considered recognized when the ratio of particles cor-
responding to the crossing road type exceeds a threshold
(currently, 0.8). The shape of a crossing is calculated by the
weighted sum of the crossing particles. The turning direction
at each crossing is manually given and the robot moves
autonomously by dead reckoning using odometry inside the
crossing.

Fig. 17 shows the results of autonomous driving in the
third and the fourth route. The robot moved successfully in
a variety of road scenes and conditions.

V. CONCLUSIONS AND DISCUSSION

This paper has described a road boundary tracking method
using only one stereo camera. We adopt and extend our
previous method which uses flexible road models and a par-
ticle filter. We conducted boundary tracking and autonomous
driving experiments in four different places in our campus
and verified the robustness of the proposed method to the
variety of road scene and conditions. We have also shown the
effectiveness of explicit estimation of gaps between image
features supporting road boundaries.

Currently we have one unbranched road model and three
branching road models. This is certainly not enough consid-
ering a great variety of road scenes. For so-called branching
roads, which can be represented by a branching part and a
set of branches, however, our model can relatively easily be
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(a) Third route. (b) Fourth route.

Fig. 16. Two routes for autonomous driving experiments.

(b) Fourth route.

Fig. 17. Autonomous driving at the third and the fourth route in Fig. 16.

extended to cover such branching roads, although it is still
necessary to devise a procedure for observing trends and
generating appropriate particles.

On the other hand, different road (or space) representation
will be necessary for open spaces where several objects or
boundaries determine the traversable regions; an example is
a space around a fountain in a park. Current road models
assume that a pair of left and right boundary are locally
in parallel. Such a parallelism will no longer exist for open
spaces. One way would be to model the pieces of boundaries

separately; we are now working on developing new boundary
models.

As mentioned in Introduction, several functions are neces-
sary for realizing fully autonomous navigation. The proposed
method, combined with a road following control, has made
it possible to move the robot along a path. By additionally
using some obstacle detection and avoidance capability, the
robot can move around safely, as people do. Another impor-
tant function is the global localization and navigation, that
is, determining the robot position and the direction to move.
GPS-based systems (e.g., [14]) or view-based systems (e.g.,
[15]) will be candidates for providing such a function. We
are now working on combining the proposed road boundary
tracking with our view-based localization method [16].
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