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Abstract
In order to overcome the inherent oscillation problem of potential field methods (PFMs) for au-

tonomous mobile robots in the presence of obstacles and in narrow passages, an enhanced potential

field method that integrates Levenberg-Marquardt ( L-M) algorithm and k-trajectory algorithm into

the basic PFMs is proposed and simulated. At first, the mobile robot navigation function based on

the basic PFMs is established by choosing Gaussian model. Then, the oscillation problem of the nav-

igation function is investigated when a mobile robot nears obstacles and passes through a long and

narrow passage, which can cause large computation cost and system instability. At last, the L-M al-

gorithm is adopted to modify the search direction of the navigation function for alleviating the oscilla-

tion, while the k-trajectory algorithm is applied to further smooth trajectories. By a series of compar-

ative experiments, the use of the L-M algorithm and k-trajectory algorithm can greatly improve the

system performance with the advantages of reducing task completion time and achieving smooth traj-

ectories.

Key words: potential field, oscillation, Gaussian model, Levenberg-Marquardt ( L-M )

algorithm, k-trajectory

0 Introduction

With the continuous development of robot technol-
ogy, the widespread use of autonomous mobile robot
will become an inevitable trend, especially in severe
environment not suitable for humans to access for work-
ing operations, such as daily maintenance of nuclear
power plants in high radiation areas. The using of au-
tonomous mobile robots in practice will greatly improve
the production efficiency and reduce labor intensity.

Research on autonomous navigation is an impera-
tive task required in autonomous mobile robot applica-
tions. Over the years, a great number of methods that
deal with the autonomous navigation problems have
been done in this field. Usually, one of the most gen-
eral and simple ways to develop the navigation is based
on potential field method (PFM). This approach was
first introduced by Khatib'"
electric charge and positive electric charge around the

, who defined negative

goal and obstacle respectively. The positive charge
generates a virtual force that repels the mobile robot
from obstacle, while the negative charge creates a vir-
tual force that attracts the mobile robot to the target.
Hereafter, many researchers introduced new methods

based on this principle to improve the performance of
PFM, such as Volpe presented a new potential field
based on the modified ellipses model*’ | and Khosla
proposed a new superquadric potential field model for

1. However, those approaches

obstacle avoidance
have some inherent drawbacks. In Ref. [4], Koren
and Borenstein identified the significant problems of
PEFM. In order to overcome the problem of oscillation,

) introduced a motion planning

on one hand, Sato
method to prevent the formation of local minima, which
was based on Laplace potential field and had no mini-
mal point. In Ref. [6], Zou proposed a novel naviga-
tion algorithm by using virtual local goals to replace the
global objective for escaping the local minimum when
the mobile robot trapped in local minima. Zhang and
Duan'”’ proposed a modified artificial physics method
to alleviate oscillation by using gravitational model. On
the other hand, Jing'® proposed artificial coordinating
fields to deal with the problems of mobile robots being
in uncertain dynamic environments with obstacles.
Kenneth, et al. """ adopted a modified Newton’ s
method ( MNM ) based on the Gaussian model to
choose Newton direction for the navigation function
rather than using the gradient descent direction.

In this work, the Levenberg-Marquardt method
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(L-MM) is adopted to modify Newton direction for al-
leviating the oscillation problem of the PFM based on
Gaussian model, and k-trajectory method is used for
smoothing trajectories. From the viewpoint of optimiza-
tion, L-MM is an iterative technique, which has the
advantages of fast convergence rate, and can be used
for solving nonlinear least squares problems''>’. There-
fore, by using the L-MM and k-trajectory algorithm in
combination, the enhanced potential field method
(EPFM) can achieve a good approximation to the navi-
gation function. The simulation results show that the
mobile robot can accomplish obstacle avoidance and
target searching in the environment with a complex
configuration of target and obstacles, and EPFM can
greatly alleviate oscillation and achieve smoother trajec-
tories.

This paper is organized as follows. In Section 1,
the basic PFM and its inherent oscillation phenomenon
are introduced. In Section 2, a detailed instruction
about the L-M algorithm and k-trajectory algorithm are
provided. In Section 3, a series of performance com-
parison experiments for the basic PFM, MNM and
EPFM with different potential models are performed,
and then the simulation results are presented and ana-
lyzed. In Section 4, a brief conclusion and further re-
searches are provided.

1 Basic potential field method and inherent
oscillation phenomenon

1.1 Basic potential field method model

In the basic PFM, obstacles and the targets or the
goals are all considered as point mass. For building po-
tential field, in this section, Gaussian model and
Gaussian-like model are chosen to establish the attrac-
tive force function and the repulsive force function in
two dimensions, respectively. The target is defined as
the attractive point, whose position of the center of the
mass is represented by vector q,(a,, a,). Similarly,
vector ¢,(r,, r,) is defined as the position of repulsive
point, such as obstacle or other robot. The mobile ro-
bot is located at g(x, y).

The attractive force function represented by the
negative Gaussian model is defined as

(x—a) 2+ (y—a,)2
fo(x,y) = (1

e ) ()
27p
The repulsive force function is expressed as

L G2+ () 2\C
I (i

fi(x,y) = 2 : o (2)

02

The variance p is a size parameter, which affects

the area of attractive force and repulsive force to corre-

spond to the physical sizes of target and obstacle'"’.

The positive integer C is an effective rang parameter.
7, represents the unit vector from ¢, to q,, while 7, re-
presents the unit vector from ¢, to q.

Fig. 1 displays the effect of adjusting the parame-
ter C and variance p on the repulsive force function.

Fig.1 The effect of the parameters C and variance p

From Fig. 1, it can be deduced that the imple-
ment adjustments of affecting range and affecting area
of attractive force and repulsive force are feasible by
adjusting the value of parameter C and p. Since the pa-
rameters can be controlled easily, thus, the Gaussian
model is chosen to establish the autonomous navigation
function for mobile robot.

1.2 Control law of mobile robot navigation
To facilitate the discussion, it is assumed that
there is only one target in an initially unknown environ-
ment. The navigation function that drives the mobile
robot moving toward the goal is given by
F(q) = F,(q) + Fr(q) (3)
where F(q) is the sum of the forces that effects the
mobile robot. F,(q) represents the attractive force be-
tween the target and mobile robot, Fy(¢g) denotes the
sum of repulsive forces generated by a set of obstacles.
Using the navigation function defined above, the
control law of mobile robot navigation is then given by

IF(q)
=— 4
g 4
where the operator — aFa(qq) represents the negative

eradient of F(¢q) , which is only related to the g(x,y).
The positive scalar 8 is optimal step size and is de-
pendent on the one dimensional search technology
based on Armijo rule according to the control law.
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1.3 Path generation for mobile robot

Based on the control law above, the forces acting
upon the mobile robot can drive it moving toward the
predetermined target along the gradient descent direc-
tion within the maximum speed.

In the process of the moving, a series of feasible
path solutions can be obtained as the step (current so-
lution) going on until getting the target, which can be
labelled with P;(x;, y,, z;). By connecting the solu-
tion P, in sequence, therefore, the mobile robot path
can be described as

Path = {P,, P (x,, y,, 7),

P2<xl’yl’zl)9”.’Pn} (5)
where P, is the start point, and P, is the target point.

1.4 The PFM inherent oscillation phenomenon

In practical applications, however, the PFM has
some inherent flaws that happen quite frequently, such
as trapped with local minima, no passage among close-
ly spaced obstacles, and oscillation in the vicinity of
obstacles and in a narrow passage'*’. The most serious
problem is oscillation phenomenon, whose causes are
not only closely related to unstable motions derived
from instability of the discrete system resulting from
sampling of sensory inputs, but also related to the sta-
ble oscillatory gradient trajectory '’ due to the rapid
changes in direction. In this paper, it is assumed that
the sensors are capable of achieving the relative posi-
tion of obstacles and target, and the discrete navigation
system of the mobile robot is in a stable running. So
our interest is mainly restricted to the substantial rea-
sons of oscillation problem from the theoretical perspec-
tive.

From the perspective of optimization theory, PFM
is inherently associated with the oscillation problem.
As a result of using the orthogonal search direction, the
trajectory exhibits strong zigzagging phenomenon when
the mobile robot nears obstacles. Furthermore, PFM
can only contain linear information and achieve linear
convergence rate. So it cannot provide a better approx-
imation to the potential field navigation function in the
process of iterative calculation, especially when the
navigation function becomes a nonlinear function due to
the complex configuration of target and obstacles. One
solution is to use optimization theory to overcome the
oscillation problem by introducing higher order infor-
mation to approximate the navigation function.

Fig. 2 shows the oscillation phenomenon by using

the basic PFM.
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Fig.2 Illustration of the oscillation phenomenon

2 The improved potential field method

2.1 Levenberg-Marquardt algorithm for oscilla-
tion
To solve the oscillation problem of PFM, the use
of the L-M algorithm is proposed to establish the mobile
robot navigation function. This method can find the
most suitable direction, the modified Newton direction,
which contains both the first and second derivative in-
formation. Compared with other existing methods, such
as the steepest descent method (SDM) , EPFM has the
second order accuracy approximation ability to the nav-
igation function with at least second order convergence
rate. Thus, it is viable to modify the Newton direction
by using [.-M algorithm, and adopt the modified New-
ton direction as the search direction of the navigation
function.
The dynamics of the mobile robot is given by the
control law
. oF (q)
q =-B(q) T (6)
In Eq. (6), B(q) is a positive definite matrix.
As in the optimization theory, B(¢q) is defined as
B(g) = (G(g) +u (D) (7)
where w, is referred to as the damping coefficient,
which is only related to ¢(x, y) and should satisfy the
condition of u, > 0. The presence of u, that can guar-
antee the matrix B(¢q) is invertible. G(¢q) is the Hes-
sian matrix of F(¢q) , which is defined as

62F(2q) SF(q)

G(q) = 0x dxdy (8)
ViR iR
dydx 3y

According to the optimization theory, the kernel
operation of the L-M algorithm can dynamically adjust
the value of parameter u, in its iterative process. When

the current position of the mobile robot is far away from
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the obstacles or target, the value of parameter u, should
be adjusted smaller. Otherwise, the value of parameter
w;, should be adjusted larger. In the practical applica-
tions of L-M method, it is common to take the strategy
to adjust parameter w, , which is similar to trust region
method.

The L-M algorithm process is shown in Table 1.

Table 1  The L-M algorithm process
Algorithm Pseudo-code for the L-M method
Step 1: Initializing parameter;

Ao,m,m, € (0,1)5 a,n > 05 k,m,m, =0;
g = (o, v) s = 1 F(q) |5
g(q,) = VF(q,); G(q,) = VZF(qk>-

Step 2 If |g(q,) || <&, then stop.
Else go to step 3.
Step 3: d, =-(G(q,) +u0) g,
Step 4: Ifm < n, Then
If |F(q, +o"d,) || < |F(q) || +Ao"g,d,
Thenm, = m, go to step 5.
Elsem = m + 1, go to step 4.
Else go to step 5.
Step 5: G = q, + A",
Step 6: F(q,., - F(q,)
me= | —— A0
g(q)'d, + —dg(q)d,
Step7: Iy, > 7, , Theng,,, = =&,
a
Else If , < m,, Thenp,,, = au,;
Else py,y = -
Step 8: k=Fk+1, goto Step 2.

2.2 K-trajectory for path smoothing

The mobile robot original path generated by the
improved method based on combining PFM with L-M
algorithm is usually hard for exact moving. There are
some turning points on the original path, which have
great deviation of turning angle, tending to case a large
amount of oscillation. In this section, a feasible strate-
gy called k-trajectory is adopted to smooth the unopti-
mized trajectories' '

Assume that the mobile robot path consists of a or-
dered set of waypoints, and w,_,, w, and w,,, are the
any three continuous waypoint of it. The unit vectors

along the corresponding path segments are defined as

g = (w,=w_ )/ |w_ —w| (9)

g = (Wi =w)/ [[we, —w, | (10)
where angle 8 between ¢, and ¢q,,, is expressed as

B = COS_I(_q,'Tqm) (11)

From Fig. 3, the expression can also be obtained

as follows:
.
[wiy —wi | +r

sin(B/2) (12)

where r is radius of circle O. Circle O intersects both

lines w,_,w, and w,w,  at exactly one point each.
Thus, the center of circle O lies on the bisector of 8.
Let circle O intersect the bisector of 8 at the point of

P

Fig.3 Graphical depiction of the k-trajectory

Therefore, the point p, can be expressed by

P B i
k ' Sin(ﬁ/2> g0 — 4, |

After this process, the original path formed by

(13)

w w,; and w,,, could be replaced by the circular arc

i-1>
and the line segments, which is represented by the sol-
id line in Fig. 4.

Fig.4 Effect of k-trajectory smoothing algorithm

3 Results and comparison

In order to validate EPFM, simulation experi-
ments have been performed on industrial PC (Intel i5,
2. 50GHz, 4GB memory ), the operating system is
Windows8 with Matlab ( 2012a) In the

course of processing, there are no any commercial al-

software.

gorithm tools used.

To analysy the results more intuitively, the follow-
ing evaluation criteria are adopted to evaluate the per-
formance of the mobile robot :

(1) How many steps the mobile robot reaches the
target.

(2) The smoothness of the trajectory.

For all scenarios, the parameters of EPFM are set
as follows; € =10, p=3, A =0.55, 0 =0.4, g=1e¢
-6, 1,=0.75, 5,=0.25, n=20, a=10.
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3.1 Applying the EPFM to different potential
models

According to the theory of optimization, oscillation
occurring is not only closely connected with the com-
plex configuration of target and obstacles, but also de-
pends greatly on the potential field model chosen to
construct the navigation function F(gq). In this sec-
tion, the SDM, MNM and EPFM that use different
models ( generalized Gaussian model, parabolic model ,
and generalized gravitational model) to construct F(q)
for the mobile robot were compared in a typical obsta-
cle avoidance and target reaching task. The corre-
sponding results are shown in Figs 5 ~7.

10
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9t —:—:- MNM
EPFM
3k
7F #® Target
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G I
X S5¢
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Fig.5 Performance comparisons of the three methods

using Gaussian model
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Fig.6 Performance comparisons of the three methods

using parabolic model
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Fig.7 Performance comparisons of the three methods

using gravitational model

Figs 5 ~ 7 show the corresponding trajectories,
and the average numbers of steps spent by the mobile
robot for succeeding in avoiding obstacles and seeking
target via using different methods in each scenario.
From those typical examples, it can be found that the
EPFM can better achieve smoother trajectories and fas-
ter progress compared to the other methods mentioned
above.

3.2 Performance in passing a randomly genera-
ted obstacle area of different shapes

In this section, a series of obstacles with different
sizes and shapes are randomly generated to represent a
random, complex and unknown environment in an area
of 100m x 120m. Moreover, the minimum distance be-
tween any two obstacles is specified to make sure that
the mobile robot can pass through the passage among
obstacles. The mobile robot starts from the point of
(10,10) and is required to reach the target at (90,
80).

Fig. 8 shows the trajectories corresponding to the
three methods.

In Fig. 8, it can be seen that although all the
methods can successfully reach the target, the EPFM
and MNM can make trajectories smoother compared to
the SDM, since trajectories obtained by SDM have a
great quantity of oscillation when obstacles are nearby.
From Fig. 8, it can also be concluded that EPFM can
achieve the target with fewer steps compared to SDM
and MNM.
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Fig.8 Performance comparisons of the three methods through a
randomly generated obstacle area of different shapes

3.3 Passing through a long and narrow passage

In practical applications, oscillation frequently oc-
curs when the mobile robot passes through long and
narrow corridors. To illustrate this problem, SDM and
EPFM are tested on the tasks of traveling in a wide and
a narrow passage.

In Fig.9(a) and (b), it can be seen that both
the SDM and EPFM can drive the mobile robot to pass
through the passage fast and keep smooth trajectories
when the width of the corridor is 2m. In the Fig.9(c¢)
and (d), however, when the passage width is nar-
rowed down to 1m, serious oscillation appear to the

15 15
« SDM « EPFM
" 10 10
)
s 5
% 2 4 6 % 2 4 6
X(m) X(m)
(a) trajectories generated by the SDM  (b) trajectories generated by the EPF
with the passage width of 2m. with the passage width of 2m.
15 15
« SDM « EPFM
_10 10
&
N
5 5
E 0 2 4 6 0O 2 4 6
X(m) X(m)

(c) trajectories generated by the SDM  (d) trajectories generated by the EPFM
with the passage width of 1m. with the passage width of 1m.

Fig.9 Performance comparisons of the SDM and EPFM through
a long and narrow passage

trajectory based on the SDM due to the sudden change
of the passage width, while EPFM can still make the
robot quickly move to target in fewer steps with smooth
trajectory.

The simulation results also prove that oscillation
occurring does not depend on the obstacle shapes in
PFM applications.

3.4 Performance in real environment

To further demonstrate the performance of the pro-
posed method in practical applications, experiments
have been conducted under outdoor environment.

Fig. 10 shows the mobile robot used in the experi-
ments, which is an omnidirectional mobile robot. It
has a global position system ( GPS) and 10 ultrasonic
sensors to get the knowledge of their information about
the orientation and location (the absolute position and
the relative position) , and its maximum speed is 2m/s.

Fig. 11(a) shows the experimental environment

Fig.10 The robot for experiments
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(a) different views of the testing (b) trajectories generated by
environment the three methods

Fig.11 Experiments with a real mobile robot
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with a rectangular obstacle, and the trajectories respon-
ding to the three methods are plotted in Fig. 11(b).
Fig. 12 shows the parts of the enlarged versions in
Fig. 11(b).

From Fig. 11 and Fig. 12, it can be seen that a
large amount of oscillation exists in the trajectories ob-
tained by PFM and MNM, while the EPFM can provide
a smoother trajectory.

Moreover, the turning angles of the three methods
can also be obtained in the practical experiments.
Therefore, the deviation of the turning angle can be in-
troduced to evaluate the smoothness of the trajectory
since the smoother trajectory has a smaller deviation of
turning angle. Fig. 13 shows the deviation response for
the three methods. It can be concluded that the use of
the EPFM can keep a more smoother trajectory without
frequent turning compared to the SDM and MNM.

10 12 14 16 18 20 22
Fig.12 Parts of enlarged version of Fig. 11 (b)

20 40 60 80 100 120 140 160
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-50 1 L 1 I 1 1 1
0 20 40 60 80 100 120 140 160

Turnnig angle(°) Turnnig angle(®) Turnnig angle(®)

Steps
Fig.13 The turnning angles response for the three methods

4 Conclusion

This study proposes an enhanced PFM, which in-
tegrates L-M algorithm and k-trajectory algorithm into
the basic PFM, to overcome the oscillation problem of
the mobile robot navigation in a complicated environ-
ment with obstacles. A series of comparative experi-
ments have been carried out to demonstrate the pro-
posed approach in various scenarios with different mod-
els and methods. The results show that the proposed
method can greatly improve the overall system perform-
ance. Compared with the basic PFM and the MNM,
the EPFM has shown the capability of alleviating the
oscillation and consuming much fewer time steps. As a
result of the significant improvement in the steps, a re-
al-time application of the proposed approach in dynam-
ic mobile robot navigation becomes possible.
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