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Abstract: Our research objective is to realize a sensor-based navigation by a car-like
mobile robot in unknown environment. Generalized Voronoi Graph (GVG) is used for the
navigation in this research. The GVG is a good tool for representing a topological map
of environment, and it can be constructed by range sensor data incrementally. However,
GVG is not suitable for a path of car-like mobile robots, because it is not always smooth.
Therefore, the GVG should be modi�ed for car-like robots.
In this paper, we represent implementation issues for path representation to enable a
sensor based navigation for car-like robots. Experimental results support this method.
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1 Introduction

Our research objective is to realize a sensor-based
navigation by a car-like mobile robot in unknown
environment. Generalized Voronoi Graph (GVG) is
used for the navigation [1]. The GVG is a map em-
bedded in robot's free space that captures the topo-
logically salient features of a free space. Therefore,
knowing the GVG is equivalent to knowing the free
space, and constructing the map is kin to exploring
the free space. A feature of GVG is that it can be
constructed incrementally using data of range sen-
sor. Therefore, it is a good tool for an exploration
task of a mobile robot that has a range sensor. Un-
fortunately, a shape of GVG is not always smooth,
and a car-like mobile robot can not follow it ex-
actly because of minimum turning radius. To enable
an exploration by a car-like robot based on GVG
method, we proposed the following procedure to de-
form robot's path[2].

1. Constructing a local GVG by a range sensor

2. Determining a local goal on the local GVG

3. Generating path candidates expressed by Bezier
curves that satis�es the following conditions.

(a) The local goal and the robot's position are
set as anchor points for a Bezier curve.

(b) The maximum curvature of each curve should
be smaller than the inverse number of min-
imum turning radius of the robot.

(c) Each path must be non-collision with ob-
stacles.

4. Choosing the best path using an evaluation
function, and tracing it

5. Repeating 1-4

Fig. 1: Robot platform

To verify a valida-
tion of above method,
we developed an au-
tonomous car-like mo-
bile robot with laser
range �nder (shown
in Fig.1), and suc-
ceeded sensor based
exploration in a corri-
dor environment.

In this paper, we
report implementation
issues to realize sensor based navigation in real envi-
ronment, particularly focusing on \Fast GVG acqui-
sition" from laser range sensor's information. Usu-
ally a laser range sensor returns rich data, then a
at surface is recognized as a small bumpy surface
because of sensing errors. Thus it generates very
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complicate GVG, and it takes very long time for cal-
culation. To avoid this problem, we developed a fast
GVG acquisition algorithm, which generates GVG
from range data directly shown in section 4.

2 Related Works

Our research relates two research areas. Although
both of these �elds are vast, included works are the
works that have inuenced the authors' thinking.

2.1 Car-like robots' navigation

To generate a path for car-like robots, many heuris-
tic's algorithms were proposed. To consider a non-
heuristic algorithm, a simple one is to combine a set
of line segments and arcs of circles [3]. It is guaran-
teed that a car-like robot can follow a planned path if
the radiuses of the composed circles are bigger than
minimum steering radius of the robot. The other
approaches are \the shortest path for car-like robots
in manifold" [4], and \nonholonomic distance" [5].
Both approaches aim to �nd the optimal path for
car-like mobile robot with nonholonomic constraint.

Our approach is to generate candidates of Bezier
curves as robot's trajectory based on GVG, but op-
timality is also considered[2].

2.2 Sensor based planning

A sensor based planning enables a robot to explore
in unknown environment. Usually a conventional re-
search for sensor based planning assumes simple and
weak sensors (for example Bug algorithm [6]). How-
ever, in real environment, we believe that a robot
should have more powerful sensors (like a laser range
sensor) to enable sensor based navigation. In this
case, the strategy may be di�erent from above ap-
proach.

Choset et. al. proposed a sensor based planning
method by an incremental construction of GVG [7].
It requires line of sight information only (that is ob-
tainable by robot's range sensors) and the procedure
has no restrictions of obstacles' shape. The algo-
rithm has been successfully implemented on an ac-
tual mobile robot with a ring of sonar sensors [8].

Our approach basically follows as Chosets' work.
However, our car-like robot must generate smooth
path because GVG is not smooth.

3 Conventional Method based

on GVG

This section reviews the exploring procedure for holo-
nomic mobile robots that has been proposed in [7].

3.1 De�nition of GVG

In a planar case, a target environment is categorized
by objects and free spaces, and each concave object is
divided into several imaginary convex objects. Then
a planar GVG is de�ned as a set of equidistant points
from the two or more closest objects, which is unique
in static environment. An example of GVG structure
is shown in Fig.2.

Fig. 2: An example of GVG structure

3.2 Exploration procedure

GVG can be constructed incrementally using mobile
robots with range sensor by the following procedure.

1. Tracing GVG

A motion for a mobile robot to follow GVG
edge is realized by maintaining equidistance
between two closest convex objects. A steering
angle of the robot is perpendicular to a seg-
ment between the location of two closest ob-
jects' points. Mathematical details of the con-
trol law to trace GVG are described in [9].

2. Detecting meet points

A meet point is, as its name suggests, a point
where GVG edges meet. It is, at least, triple
equidistance to the closest objects in planar
case. When the robot detects a meet point,
it stores the location of the meet point and
branch directions of GVG. Then it traces an
unexplored branch direction.

3. Detecting boundary points

A boundary point is a point where a GVG edge
contacts to objects. Therefore the robot must
stop tracing GVG before it arrives at a bound-
ary point, not to collide objects.
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4. Backtracking GVG

When the robot arrives at a point that is close
to a boundary point, the robot can not con-
tinue to trace the GVG edge, then the robot
must backtrack the edge to the last visited meet
point. If there is no unexplored GVG edge as-
sociate with the meet point, the robot must
backtrack the edge to �nd a meet point which
associates with unexplored GVG edges. When
there is no meet point that associates with un-
explored GVG edges, the exploration is done.

3.3 Reduced GVG

Using above procedure, a robot may generate use-
less GVG edges for exploration in real environment.
Weak meet points (it appears and disappears de-
pending on sensing noise and threshold setting) are
also troublesome. Fig.3-(A) shows an example of
above problems. Two central meet points (weak meet
points) may not be detected because of sensing noise.

GVG Meet node

Obstacle

���

���

Fig. 3: Reduced GVG

Usually, these useless GVG edges are connected
to boundary points, so Reduced GVG (RGVG) is de-
�ned by cutting such useless GVG edges from orig-
inal GVG structure[10]. Fig.3-(B) is an example
of RGVG structure reconstructed from the normal
GVG structure shown in Fig.3-(A). This simple rule
can avoid the weak meet point problem, and save
costs for entire exploration in unknown environment.

Using above procedure, mobile robots can com-
plete an exploration task by following GVG edges ex-
actly. However, considering car-like robots, its path

must be smooth (GVG is not). To solve this prob-
lem, we adopt following approach.

1. Detecting local environment information by a
mounted laser range sensor

2. Generating local GVG

3. Planning smooth path using Bezier curve

To enable this procedure, we developed a fast
GVG acquisition procedure from laser range data,
shown in the next section.

4 Fast GVG Acquisition

In conventional approach shown in Section 3, a point
on GVG is equal to a location of the robot, and whole
GVG structure is constructed by robot's path. For
a car-like robot's case, it is not suitable because of
minimum turning radius of the robot. Therefore our
approach is to construct a local GVG structure, and
to deform it smooth for robot's path. One of the
key to realize it is a fast acquisition of a local GVG.
In this section, a GVG acquisition method from a
laser range data directly is discussed using a simple
experimental example.

4.1 Target area

A problem of a usual range sensor is that an ac-
curacy of range data becomes worse according to a
detection distance. Therefore, we exclude an outer
range of �xed distance for generating local GVG. In
our implementation, we set the threshold value as 5
meters. Fig.4 shows an example of target environ-
ment and valid range data by our laser range sensor.
The sensor location is at the small circle, and the
target area is de�ned as inside the large circle.

4.2 GVG point detection

A �ne range sensor usually returns small bumpy data
even if a surface of the object is at. It generates
many small GVG edges around the bumpy points.
To avoid this problem, we use the following proce-
dure to detect points on GVG edge (we call it as
\GVG point").

1. Choosing an arbitrary point in free space, named
\reference point".

2. Drawing a circle (named \search circle") with a
reference point as the center of it, which inter-
sects the closest point of the range data (named
\object point").

3. Expanding the search circle to the direction of
a gradient vector from the object point.
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Fig. 4: Example of target area

4. If a number of \Same object group" inside the
circle is one, returning to 3. \Same object
group" is the group that a distance between
two neighbor's range data is less than robot's
size.

5. If a number of \Same object group" inside the
circle is more than two, the center of the search
circle is a GVG point.

Fig.5 shows a schematic of the procedure. The
reference point is moving away from the object point
until the other \Same object group" (dots of the bot-
tom of the right) touches the search circle.

Search circle

GVG point

Reference
point

Object
point

Range data

Range data

Fig. 5: Procedure of GVG point detection

4.3 GVG edge detection

If the above procedure is done at all points inside the
target area, a local GVG acquisition can be com-
pleted. However redundant detection may be hap-
pened, and a calculation cost is too big. Also, a

GVG edge is expressed by a set of non-sequential
GVG points, which is di�cult to use for a naviga-
tion of the robot. Therefore, we perform following
procedure to detect GVG edges.

1. Finding range data gaps bigger than robot's
size inside of the target area

2. De�ning a center of the gap as a local GVG
goal, and draw a segment between the cur-
rent robot's location and the local GVG goal
(named \reference segment")

3. Sifting a reference point from robot's location
to a local GVG goal along the reference seg-
ment, and applying \GVG point detection" at
each point, shown in Section 4.2.

4. Repeating 2 and 3 for every range data gaps

Using the above procedure, a GVG structure is ex-
pressed by a sequential series of GVG points, with
low calculation cost.

Fig. 6: GVG detection

Fig.6 shows an example of detected GVG edges,
applied to Fig.4. In this �gure, detected GVG edges
are expressed as bold line, and each local goal point
is expressed as small gray circle.

Another example in more complicate environment
is shown in Fig.7. This example shows that the above
method does not guarantee to generate full branches
of GVG. That is because local goals depend on a
range of target area. If a local goal is inside the range
threshold, the goal and the GVG edge associated
with it are disappeared. However, in our research
experience, the proposed method is good enough to
apply an exploration task for a car-like robot in usual
environment (like a corridor environment).
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Fig. 7: GVG detection in a complicate environment

5 Generating Smooth Path

In Section 4, we proposed a local GVG construction
method. A GVG edge is a skeleton of free space that
the robot should follow. Therefore we set tips of local
GVG as local goals. To connect robot's position and
one of the local goals smoothly, we use the third order
of Bezier curve.

A Bezier curve is de�ned by two anchor points
(x0; y0); (x3; y3) and two control points (x1; y1); (x2; y2),
shown in Fig.8. Then a point on the curve is de�ned
as following equation, where u is a parameter from 0
to 1.

x = x0(1�u)3+3x1(1�u)2u+3x2(1�u)u2+x3u
3 (1)

y = y0(1�u)3 +3y1(1�u)2u+3y2(1�u)u2 + y3u
3 (2)

Control point

Anchor point

(x  , y  )0 0

(x  , y  )3 3

2
L (x  , y  )2 2

(x  , y  )1 1
1

L

Fig. 8: A smooth path by Bezier curve

This is a feasible path for a car-like robot, be-
cause the tangent direction at (x0; y0) is equal to the
robot, and it is di�erentiable at any point on the

path. Once the tangent direction at (x3; y3) is set
as the tangent direction of the GVG, unknown pa-
rameter is a distance between an anchor point and a
control point (L1 and L2). The other words, we can
generate candidates of smooth curve by changing L1

and L2. To choose the best path, we evaluate two
conditions, (1) the path is smooth enough to trace by
a car-like robot, and (2) the path is as far from obsta-
cles as possible. A detail of the evaluation function
is discussed in [2].

6 Experimental Results

6.1 Platform and sensor

Our research platform is a mobile robot based on
a commercial electric wheelchair (shown in Fig.1).
Steering angle of it is determined by a di�erence of
rotational speed of two driving wheels automatically,
and minimum turning radius of it is 80[cm]. Max-
imum velocity of it is 160[cm=sec], however we use
30[cm=sec] for safety. Each driving wheel has a ro-
tary encoder to detect the wheel speed, and a posi-
tion and orientation of the robot are estimated by
wheels' rotational information (odometry system).
In this research, the odometry system is only used
for displaying data, not used for navigation. We use
a robot controller as a standard PC (CPU : Celeron
450MHZ).

For range sensor, we use a laser range �nder pro-
duced by Hamamatsu Photonics (C8074), the same
sensor used in Section 4's example. It detects 500
range data in 360 degree in every 200[msec]. It is
mounted at the center of the two driving wheels (a
height of sensor detection face is 733[mm] from the
ground).

6.2 Target environment

Target environment includes a corridor and labora-
tory rooms in Okayama University. A schematic of
environment is shown in Fig.9. It is a standard in-
door environment, and there is no object that can
not be detected by a laser range �nder. Surface of
the ground is at, so a wheeled mobile robot can
move smoothly.

6.3 Experimental results

Fig.10 shows one of experimental results. Sensing
data (gray dots) and robot's trajectory (bold line)
is overlapped based on odometry information. The
robot started at the lower right of this �gure, and fol-
low the path to upper right. Then it switched back-
ward navigation (because it was dead-end), and con-
tinued following the GVG. The GVG acquisition and
generating smooth path was done at gray circles on
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Fig. 9: Target environment

the trajectory. Finally, it arrived at the Goal location
(the last position of exploration), which the same as
the start position. Keep in your mind that the re-
sult �gure is confused because it is plotted based on
the odometry information, however it is no problem
because it is completed topologically.

Fig. 10: An experimental result

7 Summary and Future Works

In this paper, we introduced a method to generate
local GVG from laser range sensor, and an experi-
mental result is introduced by the method.

In our experimental experiences, one of the prob-
lems is reective objects. Laser range �nder is di�-
cult to detect reective objects (such as glasses), and
it prevents from constructing precise GVG. In this
case, the other kinds of sensors are required for rec-

ognizing reective objects. The other problem is very
complicated environment. Our current algorithm is
not applicable for such environment.

Our next step of this research is to solve above
problems, and to perform a robust sensor based nav-
igation in a complicated environment.
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