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1. INTRODUCTION

A mobile robot needs to decide a path toward a target
avoiding encountered obstacles in a given space using a
motion plan. There are some methods of motion planning
such as graph search, cell division, road map, and artificial
potential methods [1]. The artificial potential method uses a 
potential field, to guide a robot from start to goal 
configurations. The potential field consists of attractive
potential used to pull a robot toward a goal and repulsive
potential to keep it away from obstacles.

An artificial potential method includes Khatib’s Method
[2], while the method of Laplace’s differential equation [3]
and so on have been proposed as an artificial potential
method. Khatib’s method sets an attractive potential based
on the distance between current and target points and sets a
repulsive potential based on the nearest distance between a
current point and an obstacle. Since the potential field is
not generated in consideration of all obstacles in an
environment, the method tends to cause a problem of local
minimum.  As some methods have been developed such
as that using random walks to resolve the problem [4], a
potential field without a local minimum is desirable for
motion planning.

The method using a Laplace differential equation is a
method used to generate a potential field without a local 
minimum. The method generates a potential field by
solving a Laplace differential equation and utilizing it for
motion planning. Since the method is time consuming, it is
difficult to change a potential field in real-time according
to environmental changes.

Although Rimon’s method [5] and that using fluid
potential [6] also provide a potential field without a local
minimum, they are only applicable to simple boundary
figures and not to the arbitrary figures of boundaries.

This study proposes a method to utilize a spline function
that interpolates arbitrary boundaries and a domain reduction
method that reduces the unnecessary area Chapter 2 
describes the fundamental algorithm of the proposed method. 
Chapter 3 describes a method to generate artificial potential

for a two-dimensional problem. Chapter 4 shows a domain 
reduction method to resolve the problem of local minimum.
Chapter 5 introduces a method to avoid a moving obstacle. 
Chapter 6 shows the simulation results, before finally,
chapter 7 draws a conclusion.
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2. MOTION PLANNING FOR MOBILE 
ROBOT USING A SPLINE SURFACE

Let CS be the configuration space for a mobile robot. 
Then, let FS be a free space within the configuration space
CS, where a robot can move without any collision.  Let 
be a boundary of the free space FS. Here, CS and FS are 
n-dimensional space and  is an (n-1)-dimensional space.
And define start and goal configurations respectively in the
free space FS. There, suppose the FS is a continuous space, 
namely, that there is a path between the start and goal
configurations. Moreover, a domain D is prepared so that it
may be mapped on the free space FS using a spline surface. 
Let S and G be start and goal points respectively in the
domain D. S and G are therefore mapped to the start 
configuration and goal configurations respectively.

The purpose is to find a path that guides a robot from the 
start to goal configurations in the FS, that is, from the start
point S to the goal point G in the domain D. To realize this,
the following processes are repeatedly performed.

(1) Path generation process
The process generates a path along which a robot moves 

effectively between the current and target positions. If the
current domain contains  current and goal points
respectively, it is guaranteed that there is a path to guide a
robot toward the goal. The process within a reduced domain
uses a spline function as an evaluation function. We apply a
distance-weighted function for this purpose, which blends 
distances from each boundary with a reduction in
computational time compared with other analytical
methods.

(2)  Domain reduction process
This process divides and reduces unnecessary parts from 

global consideration so that a robot moves to the goal
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The following chapter describes a concrete method of
application to a two-dimensional problem.

configuration.
In spite of the global perspective, there are cases when a

robot cannot reach a target. In this case, the domain
reduction method is applied to resolve the local minimum
problem. A current domain D is divided into two parts: D1
and D2, where D1 has both a start configuration and target
configuration, and D2 does not include both of them. 
Because the domain D1 has a path from the start to the
target configuration in the free space, it is guaranteed that a
robot can reach the target. Repeating that the domain D1 is
undated as a new domain D, the domain D is reduced.

3. SPLINE SURFACE INTERPOLATING
ARBITRARY BOUNDARIES

A surface generation method, which is one of the 
geometric modeling technologies, is used in the design field 
etc. as one that interpolates among given boundaries. 
While an ordinary method of surface generation involves
interpolating four boundary edges, we have developed a 
method in which arbitrary boundaries can be interpolated [7]
The surface can interpolate an arbitrary shaped boundary
such as a concave edge, a convex edge and a hole and the 
surface can be generated in real-time. These characteristics
can be applied to motion planning for a mobile robot.

We apply a distance-weighted function as a function of
artificial potential, which blends distances from each
boundary with a reduction in computational time compared
with other analytical methods.  A spline surface is
generated from a new domain created by removing
unnecessary parts from a current domain.

Fig. 1 Spline surface generation from arbitrary boundaries

Let p be a parameter in an N-dimensional parametric
space and the parametric space is one-to-one mapped to the
free space FS.  There, the free space FS should be 
parameterized to a parametric space “a domain D”. Define

i as each boundary element of the domain D.  An 
(n+1)-dimensional surface S (p) at a parameter p is given by
Eq. (1).
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two-dimensional parametric space. As shown in Fig. 1, a 
surface is formed by mapping the domain that has outer
boundary and inner boundaries into a three-dimensional
space using Eq. (5).
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Here, Bi(p) and i(p) are the boundary data i for a
parameter p and a blending function for the boundary data 
respectively.  An (n+1)-dimensional surface S(p) is a
hyper surface that consists of a scalar potential (p) and a 
configuration x(p). Bi(p) comprises a boundary
configuration bi(p) and a potential zi(p) that is set to the
boundary.
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The Eq. (1) provides a potential field by giving an
appropriate potential to each boundary and by applying a
distance from a boundary as well as Khatib’s method [2].
However, while Khatib’s method [2] obtains potential from a 
part of boundaries, the Eq. (1) gives potential in consideration of
all the boundaries.  In other words, the Eq. (1) provides
potential in consideration of global space. This contributes to
global motion planning for a robot in spite of no guarantee of
local minimum reduction.

In other words, x and y of an ordinary surface means a
configuration and z of that means a potential. The blending
function i (p) is a function of the distance parameters di,
and di is a function of u and v Bi is a function of the
boundary parameter bi bi is a function of u and v

When a current parameter is p, then the configuration of a 
robot is given by x (p) and the potential by  (p). By
calculating Eq. (4), a robot sets the next parameter as 

)}({ pp gradK (4)

Next, we explain the distance and boundary parameters.
For a given point P in a domain, the distance parameter di of
an edge Ei shown in Figure 2 is given by

p+ p and moves to the next position, where K is a constant.
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Fig. 2 Distance parameter of an edge in a domain
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where di indicates distance from the edge Ei. The
trajectory for a constant di forms an ellipse.

The boundary parameter bi of an edge Ei is obtained by
the next equation by using the distance parameters of both
contiguous edges Ei-1 and Ei+1.
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The boundary parameter changes from 0 to 1 and is 
used in order to obtain the boundary data and a
potential.  Then, a blending function i is given by the
following equation. 

N

i
iii ddvu

1

)/1(/)/1(),(

,where Bi is a positional vector of an edge.  The
blending function includes the next characteristics on each
boundary.
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4. DOMAIN REDUCTION PROCESS 

Simple application of a spline surface may cause the
problem of a local stop. A spiral area in Fig. 3 shows an 
example causing such a problem. A robot cannot reach a 
goal G from a start point S and stops at a point L because 
there is a point with high potential near one with low 
potential like points H. 

To resolve the problem, the unnecessary domain area is
reduced in order to remove the effects of a near edge with
high potential as follows:

(1) Search the nearest point of a boundary from a robot

The nearest points NL and NR from a robot are searched

from a target point G along both sides of a boundary. Here
NL is the nearest point that is found clockwise from the goal 
G and NR is the nearest point that is found counterclockwise 
from G (See Fig. 4). 

Ei

L0 B

LL2 Ei+1
P(u,v)

Ei-1

Fig. 3 A local stop 

Fig. 4 Search of the nearest points along a boundary

      (a) Step 1                  (b) Step 2
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Fig. 5 Domain Reduction Process

(2) Search of erasable point

This process checks whether a robot can see the vertices
NL and NR by judging whether lines NL-R and NR-R 

(counte clockwiser
search) (clockwise search)

(clockwise search)(counte clockwiser
search)

The nearest vertices
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intersect the boundary or not.  If the lines intersect the
boundary, the vertices NL and NR are necessary in order 
that the robot may arrive at a target point G (see Fig. 5).

5.2 Domain reduction for inner obstacles

In case of the existence of an inner obstacle shown in 
Fig. 10, the domain reduction process erases even a
necessary vertex by judging whether a robot can see a vertex. 
Then, if the reduced domain does not contain the current
configuration, a robot cannot reach the goal configuration.
Because the purpose of the reduction process is to narrow a
domain where a robot can move, the object to be reduced
is the outer boundary of a domain. Therefore, in the case 
that a domain contains obstacles, the reduction process can
be performed without any problems by neglecting inner
obstacle.

Next, find vertices AL and AR next to the vertices of NL 
and NR (see Fig. 5(b)). These vertices can be seen by the
robot. Then repeat the same process until finding a vertex
that a robot cannot see. Fig. 5 (c) shows the found vertices 
DL and DR.

Because the robot cannot see the vertices DL and DR, 
they are not needed in order for the robot to arrive at the 
target point G. If the domain after the reduction has the
goal and current configurations respectively, there is a path
along which the robot arrives at the goal configuration.
Thus, there is no problem caused by reduction in area. If
the domain does not contain the current configuration, the
domain reduction process is retried until the domain
contains the current configuration. Fig. 5 (d) shows the 
situation after the domain reduction process. The
elimination process contributes toward guiding a robot to a
target point without a local stop. Because the original
environment can be easily recovered by restoring the 
previous environment, a robot can be moved to a different
goal along the way.

obstacleR

G

R

G(a) (b)

Fig. 7 Problem of domain reduction
5. OBSTACLES IN A GIVEN DOMAIN

5.1 Movement of obstacles in an area given
6. EXPERIMENTThe previous chapter introduced a navigation method

using a spline surface and domain reduction. In addition, 
a robot should consider obstacles that exist in the given
domain and disturb a mobile robot.  Moreover, it is 
necessary for a mobile robot to avoid or wait for moving 
obstacles. Here, we represent a wall as an outer boundary
and an obstacle as an inner boundary respectively.  And
applying the predetermined potential to each boundary, a
mobile robot moves within the domain by reflecting the 
whole potential.

6.1 Experimental Method

This chapter describes some experiments to prove the
effects of the proposed algorithm.  We perform the
following experiments to check whether the algorithm can
operate properly.  Experiments are performed for four
environments with a different maze shown in Fig. 9. 

It is necessary that robot navigation has a consideration
of moving obstacles in the given domain.  Therefore, we
apply the predetermined potential to the obstacles so that
the whole potential can change quickly with them. The
change in potential is reflected in order that a mobile robot 
can move in the given domain deciding appropriate plans 
automatically such as “stop”, ”detour”, ”wait” and ”go”.
Fig. 6 shows the change in potential when a obstacle 
moves from left to right. 

(a) (b)

Fig. 6 the change in potential with a moving obstacle 

(a) Environment A         (b) Environment B

(c) Environment C          (d) Environment D

Fig. 9 Environment with a different maze 
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[1] Simple application of a spline surface 

Only a proposed spline surface is applied to each
environment.  The purpose of the experiment is to 
investigate the effect of the spline surface for the navigation
of a mobile robot and then to find the problem. 

[2] Application of a spline surface and domain reduction

In the addition of experiment [1], the domain reduction
process is applied to each environment. The purpose of the 
experiment is to examine the effect of the domain reduction.

[3] Experiment for a moving obstacle 

Moreover, in the addition of experiment [2], a moving
obstacle is applied to each environment.  The purpose of
the environment is to check whether a robot can avoid or
wait for the moving obstacle properly without any collision. 

6.2 Experimental Results

[1] Simple application of a spline surface 

Fig. 10 shows the experimental results in the case of a 
simple application of a spline surface. There, the arrows
describe the route lines of a mobile robot from start to target
configurations. The mobile robot avoided the obstacle and
arrived at a target in the case of the environments A, B and
C. However, it could not arrive at the target in the case of
the environment D. 

(a) Environment A       (b) Environment B

(c) Environment C       (d) Environment D

Fig. 10 Simple application of a spline surface

[2] Application of a spline curve and domain reduction

Fig. 11 shows the experimental results.  There, the
arrows describe the route lines of a mobile robot while the
cut walls show a half way result by the domain reduction.

A mobile robot succeeded in reaching the target
configuration in all cases, so that it moved from the start to

the target configurations avoiding the obstacle. 

(a) Environment A       (b) Environment B

(c) Environment C       (d) Environment D

Fig. 11 Application of a spline curve and domain
reduction

(a) Environment A       (b) Environment B

(c) Environment C       (d) Environment D

Fig. 12 Experiment for a moving obstacle 

[3] Experiment for a moving obstacle 

Fig. 12 shows the experimental results.  There, arrows
describe the route lines of a mobile robot and dotted lines
shows the route line of obstacles, while cut walls show the
half way result by domain reduction.
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In this experiment, a mobile robot could stop, avoid an 
obstacle and arrive at the target in the case of environments 
A and B.  Moreover, a mobile robot could wait, avoid an 
obstacle and arrive at the target in the case of environments 
C and D. 

The result of the experiment 1 shows that the 
characteristic of global navigation which involves a spline 
surface works effectively despite the simple application of a 
spline surface.  Moreover, the addition of domain reduction 
could remove the problem of a local stop. A robot plans 
paths globally using an arbitrary boundary spline and 
relieves the problem of local minimum. 

 In addition, we have confirmed that a mobile robot can 
stop to wait for and avoid a moving obstacle by adapting 
appropriate actions such as “stop”, ”detour” and ”wait”; 
selected automatically depending on a given environment.  
In addition, the proposed method has shown that a mobile 
robot can arrive at a target configuration despite the 
existence of a moving obstacle. 

7. Conclusion 

This paper has proposed the application of an arbitrary 
boundary spline and an area elimination method to motion 
planning for a robot.  The following results have been 
obtained. 

(1) An arbitrary boundary spline provides global 
planning and an elimination method reduces the local 
minimum.  Moreover, the proposed method can operate in 
real-time. 

(2) By setting a moving obstacle to an inner boundary of 
an arbitrary boundary spline, a robot can move to a target 
position in real-time; avoiding obstacles. 

Future work will involve application of the proposed 
method to a real robot that can move capturing an 
environment using certain sensors. 
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