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1. INTRODUCTION

A path planner on robot applications plays an important role for fulfilling objective of the robot, such as find
out the feasible path starting from the initial and goal position and avoiding collision with obstacles. The process
of path planning algorithm can be described as follows: first, start with data environment acquisition, then setup the
mission planning, after that develop the path planning, and finally, control the robot based on the generated path
planning [1]. Hence, the path planning aims to guide the controller to reach the mission planning.

There are several parameters which has to be considered in the path planning field, e.g. distance, safety,
and applicability to the real robot and environments [2]. The distance metric as the measurement means that the path
which gives the shortest distance toward a goal will be considered as the optimal path. The safety parameter means the
robot must ensure the trajectory toward to the goal is not colliding with the other objects. The applicability relates to
application in the real time system which means the algorithm does not generate path that does not fulfilling kinematic
constraint. The examples of kinematic constraint are minimum turning radius, maximum linear and angular velocities
[3].

Dynamic constraints has two paradigms i.e. the dynamic environment which means the environment thatchanges
dynamically that could be moving obstacle or alteration of the environment while the robot was running [4]. On the
other hands, dynamic constraints means the force is used as consideration including mass and dimension. In this paper,
for simplicity, the robot is assumed to be a point mass and move in a two dimensional (2-D) workspace. The force of
the robot that depends on mass, dimension, inertia are neglected.

1.1. Related Works

Some approaches exist to solve path planning problem. Heuristic search algorithm such as Ant Colony,
Particle Swarm Optimization and Artificial Bee Colony were used in term of planning problem [5] [6] [7]. The
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weakness of heuristic algorithm is in online path condition which the algorithms are computationally expensive to be
pre-planned and it means that the global optimum cannot be achieved easily [8].

Kinematic constraints require feasible and continuous paths. Planning algorithm based on curvature path
considers continuous maneuvers, i.e. clothoids arcs, B-spline curves, and Dubin’s path [9] [10] [11]. B-spline curve
has limitation on the number of control points. Generally, the planning algorithm based on curve merely used on
off-line path. One of the example of the curve algorithm for the dynamic environment was proposed by Triharminto
et. al. [12].

One of the well-known path planning algorithm is Artificial Potential Field (APF). APF is a planning algo-
rithm that is designed as reactive path for obstacle avoidance. Therefore, the APF is suitable to use for offline and
online path generation. The basic concept of APF follows the natural characteristic of electrostatic potential which
in the case robot of path planning, the goal position becomes the lowest while initial position is the representative of
the highest potential [13]. Consequently, the potential energy will move from the highest to the lowest following the
nature of potential field. For avoiding collision with the obstacle, the obstacle is set as opposite direction force that
refuses the robot from the obstacles. The APF method is particularly attractive because its effectiveness as real time
obstacle avoidance beside its mathematical elegance and simplicity [14]. Hovewer, the APF has a problem based on
mathematical analysis that is trap situations due to local minima [15] [16]. Additionally, GNRON problem is close
correlation with local minima problem [17].

Some researchers tried to solve local minima but the algorithms usually do not consider GNRON problem
[18] [19] [20] [21]. All of the proposed algorithms used APF blended with evolutionary algorithm to navigate in an
autonomous form without being trapped in local minima. Lei et al. (2010) solved local minima method based on
gravity chain that connects initial and goal points [22]. The gravity chain has a role to guide the robot. The other
solution handle the local minima on APF is by using harmonic potential [23] [24]. This local minima problem is
solved by forcing local potential extrema to lie on the boundaries of obstacles through the use of harmonic potentials,
that is, of potential functions V' satisfying Laplaces equation, V2V = 0. Disadvantage of these methods is that
Laplaces equation has to be solved numerically over the whole state space and it raises the difficulty to find solutions
in real-time for dynamic environments [25]. Stream function is used to determined the path without local minima and
GNRON problem [28] [29]. Similar to harmonic potential field, Laplace’s equation has to be solved in the stream
function which means that the algorithm computationally expensive.

The solution proposed eliminating the local minima problem by defining the obstacles potential with expo-
nential function is proposed by Sfeir et al. [30]. Thus, the potential is inactive except when the robot is very close
to the goal. The essential structure of potential field is also modified which the total force is null when the robots
at the goal point in term of GNRON problem. In the research, the issue that would be interest is the choice of gain
parameters. The value of parameters is selected by trial and error. The addition of force implemented to handle local
minima [27]. The total force will drag the robot to escape from the local minima. Another weakness appears when the
distance between the robot and the goal equals to the distance between the robot and the obstacle. Merging between
APF and evolutionary algorithm is one of the solution to handle the problems in APF including determination of gain
parameter [26]. Mei et. al. (2013) used hybrid algorithm APF and Bug algorithm [31]. The bug algorithm was used
to escape from GNRON and local minima [32]. Hybrid algorithm switches from APF to evolutionary algorithm and
the trade-off is cost of computational complexity.

This paper proposed an adhoc solution to solve the GNRON and local minima problems in APF. Therefore,
this paper has a contribution to develop a new potential field function to cope both local minima and GNRON problem.
The organization of this paper is as follows. Section 2 explains the APF and the existing both of local minima and
GNRON problem, the third section describes the new repulsive function and how to cope both of the problems. And
finally, the last two sections deliver simulation result, discussion, and the rest is the conclusion of the research with
possible future work.

2. LOCAL MINIMA AND GNRON PHENOMENA
As in the explanations, the APF has two different potential functions [33]. Let the position of the robot in the
workspace is denoted by ¢ = [z 4], the most commonly attractive force of APF [14] can be modeled as

Fori(q) = —VVare(9), 1

where )
Vare(a) = 5€0*(¢: dgoat). @
Variable £ is an attractive gain parameter which has positive value and p(q, ggoas) = |/¢goar — ¢|| is the distance

between robot (¢) in certain position and the goal point (gg0q;). From the mathematical formulation, it can be seen
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that the attractive force converges linearly toward zero as the robot approaches the goal. That characteristic will be
applicable for control system which means it will not harm the actuator of the robot.
The other potential function is in the obstacle which the formula for a single point obstacle is

Frep(Q) = v‘/rf’p(q)a 3)

where

o £ B
Viep(q) = {m7 if p(q, gobs) < po .
0, if p(q, Gobs) > po

Variable 7 is a repulsive gain parameter and p(q, gops) is the distance between the robot and the obstacle position and
Po 18 a positive constant denoting the c-obstacle of robot dimension.

From the repulsive and attractive force, the total of the force field can be determined as sum of attractive and
repulsive force

Ftotal = Fatt + Frep- (5)

The total force represents path of robot.

2.1. Local Minima

According to the used force, the essential problem of the APF is the trap in local minima. The problem can
be found when F},, = 0. For instance, when the robot initial position, ¢ = [a O]T, for some positive number a
collinear with the goal, ggoa1 = [a 11]T as shown in Fig. 2. In between the robot and the obstacle, there are two
obstacles in gps = [8 10]7 and gops = [10 10]7 respectively. Thus, F; in the x axis can be computed equal to 0 if
{V¢ > 0}. Assuming that y = 1, it is clear that the F,;; = 1 for g,ps = [10 10]7 and Fs; = —1 for g,ps = [10 10]7.
Consequently, in the x axis, Fy.., = 0, although {Vn > 0}. Let focus on y axis, if the robot moves toward goal point,
for instance, now, the robot is at ¢ = [9 9]7 which means the value of p(q, gops) = 1. Then, value of Frep = 1 for
both of the obstacle and the total of Fi..,, = 2 in a positive value.

The condition of local minima is met when the attractive gain parameter has been set of 1 which means
F,+ = —2 in a negative value due to the negative gradient of the attractive potential. Therefore, the total force (F}o1q1)
based on (5) will be 0 as illustrated in Fig. 1. From the Fig. 1, it shows that the robot trap at ¢ = [9 4] which Fy,tq; = 0
and cannot reach the goal. The robot assumes that the local minima is as the global optimum.

It has be noted that, in that case with assumption that the dimension of the robot is 1 unit square in the
workspace, it is obviously that the alteration value of attractive and repulsive will yield two conditions, i.e. the robot
will hit the obstacle or the robot will meet local minima. To escape the local minima, external force has to be proposed
that will be explained in Section 3.
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Figure 1. Total potential function with respect to y axis in local minima problem
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2.2. GNRON

The GNRON problem is part of local minima problem. This problem exists when the goal is very close to the
obstacle. For example, consider the scenario is almost similar to local minima as in the aforementioned but the goal

point is set of ¢goqr = [9 8]7 as in Fig. 2. If the robot is moving along y axis and reaching the goal, then F,;; = 0
for the « and y axes. On the repulsive force, similar to local minima in the x axis, F}.., = 0 while in the y axis, total
of repulsive force of both obstacle is F,.., = —2. Based on the rules (4) and (5), at ¢ = [9 8]T, the corresponding

repulsive is given by p(q, ¢obs) < po. Then, even though the robot should reach the goal but it is repulsed away by the
repulsive force. The strategy of this problem is set the repulsive force equal to 0 when the robot reach the goal as in
Section 3.

¥

1 Goal in local minima problem
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Figure 2. Location of the robot, goal in local minima and GNRON problem, and Obstacle in a 2-D case

3. NEW REPULSIVE POTENTIAL FUNCTIONS
3.1. Repulsive Function for Local Minima Problem

The local minima problem arises because the total force of potential field equals to 0. The problem will
make the robot does not move or in static condition due to insufficient force. As mentioned before, external force is
a solution to escape from the local minima. It has to be considered that the external force in attractive force is not
possible due to the global optimum is met when F,;; = 0. Thus, addition of force in the attractive will make the robot
does not meet the goal. Alternatively, external force is applied in the repulsive force. The motivation is to construct a
new repulsive potential function as

#+¢ q,¢), ipr7QObs < po
Viep(q) = { vV P(2,90b5) (¢:) ' ( ) (6)
07 lfP(Q» qobs) > Po
In comparison with (4), the introduction of
¥lg+¢) ! @)

T A @t 0, @+ Do)

ensures that the external force takes the robot escape from local minima. As comparison, the total force from the
original potential function and the total force of the new potential function can be seen in Fig. 3a and 3b. Fig. 3a
shows the total force in the original scenario without an external force. Fig 3b shows the total potential at the local
minima is not equal to 0 because of the addition of 1)(q + (). It is seen by the total force is bigger than the original
one and moves to the other place.

The repulsive potential function F,..,(¢) should have the property that the sum of repulsive force and external
force pushes the robot away from the local minima. Since F,;; = 0 and F)., = 0, the parameter ¢ has to be set
properly in order to drag the robot escape from local minima. Let set that F},,;, i. e., the minimum force to move the
robot when the robot trapped in the local minima,

Fonin = 0(0+€) = \/¥2(ga+) + ¥2(y10), ®)
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Figure 3. Total potential when (a) the local minima exist (b) the local minima moving from the original place

Y (gutc) and ¥(gy+¢) is denoted as repulsive force in the position (x + ¢) and (y + () respectively. Defining cops is
the safety distance between the robot and the obstacle that consist of g, and g, as

e =+ qp. ©)

For simplicity, let assumes that ¢, = g, = <. Then, gradient of (0V;.cp(q + ¢)/0x, OV,ep(q + ¢)/y) are

2 _ ns
¢ (ql’+C) - ((§+C)2+<2)3/2’ (10)

ns
¢2(Qy+4) = (gQ T (g+<)2)3/2' (11)

Substituting (12) and (13) puts into (10) leads to

F2. =9 i . 12
min (2§2+2CC+C2)3/2 ( )

Let simplifies right hand and left hand side by power (2/3),
/3 (2/3) (77<)2/3

min = 2 22 1201 02) (13)

Therefore, ¢ can be computed as follows.

F4/3 F4/3 F4/3

2 min min min 2
% 2(2/3) (n¢)2/3 + 2§2(2/3) (77§)2/3C + 9(2/3) (77<)2/3< =0, (14)

=26+ V432 — 8¢3c?

15
¢ 5 (15)
where
an/zi Cobs
¢ = g ey M= g (1o

From (17), there are two solutions of ¢ which means the tendentious of robot turning. For example in the Fig. 1,
positive value will take the robot takes right turning an negative value will take the robot chooses left turning.

The new potential field for local minima problem will take as a basic potential field for the GNRON problem.
It means that the function must be considered and remained the result for local minima problem. The extended
potential function for the GNRON problem will be explained below.

A Novel of Repulsive Function on Artificial Potential Field for Robot Path Planning (Triharminto)
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Figure 4. Total force derived by the new potential function

3.2. Repulsive Function for GNRON Problem

The GNRON problem occurs because the total force of potential field in the goal is not zero in consequence
of the repulsive force. The distance influences repulsive force due to the the fact as the robot approaches the goal, the
repulsive potential increases as well. There are several things that have to be considered in the GNRON problem as
described as follows.

1. Regarding to local minima problem, the addition function in the GNRON problem has not to be influenced sig-
nificantly in the computation with the repulsive function in the local minima problem. Consequently, extended
function has to be set properly.

2. Some parameters that can be used in order to construct the extended of potential function are p(q, gobs),
p(4, 4goat)> and p(gobs, Ggoat )- It has to be noted that involving the g5 is not applicable in the real time platform
due the fact that there are no way (sensor) which is able to detect infinite distance of an obstacle. Consequently,

(4, Gobs) and p(obs Ggoat) are neglected and it merely uses p(q; ggoal)-

3. GNRON problem arises at location which is based on the rule on (4) and it can be said the goal is in the border
area between rule on (4)and (5). Thus, in that location, it is obvious F,y; = 0 since p(g, ggoar) = 0 but in
contrast, Fy.., 7 0. Thus, the solution is to make the F}.., = 0.

Based on the things as in the aforementioned, its motivate to develop new repulsive potential function as

1 sgn(p(q, 4goat)) 7 sgn(p(q, 9goat)) "
;. if p(q, qobs) < po
Vrep(Q) = p(q, qobs> \/P((q + <)7 (q + C)obs) ’ (17)
07 lfp(qv q()bs) > Po

where

1 ifp(Qv qgoal) 7& 0

. (18)
0 1fp<Q7 ngal) =0.

sgn(p(q; Ggoat)) {

On (19) and (20), the signum function is used to solve GNRON problem whenever p(¢, ¢goai) 7 0 then F..p, 7# 0 and
p(4, qg0a1) = 0 then F.., = 0. With the F.., = 0 at the goal position, it means that the robot has no force when meets
the goal and finds the global optimum.

In order to illustrate the total force for both local minima and GNRON problem using the new potential
function, Fig. 4 is utilized to explain the applied force in the new potential function. From the Fig. 4, in the local
minima problem, F7;; = F}.piand the additional function generates a new repulsive force I}..;,2. Thus, in the local
minima problem, Fi¢q1 = Frep2. On the other hands, in the GNRON problem, the logarithmic function yield log 1 =
0, then force of Fcp1 and Fi..po Will be disappear or equal to 0. From the Fig. 4, it is proven that the new repulsive
potential field can handle local minima and GNRON Problem:s.

IJECE Vol. x, No. x, May 2013: 1 -12
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3.3. Convergence analysis

The total force of potential field is as mentioned on (6). Substituting (19) into (6) leads to

Ftotal(q) = _vvatt(q) + VVrep(Q)
= _EP(Q7 ngal)+

n Sgn(P(% QQoal))gf;gq7 qobs) + (19)
P4, Qobs)
7 5g0(p(q, 4goat))P((q + )5 (@ + obs)’ .

p((q + C)) (q + C)obs)g/2
From (21), there are two values of sgn(p(q, ¢goar)), i.e. 0 and 1. If the value is 0, then the repulsive force will be

0. When F,., = 0, it is obviously that the system is stable remaining p(q, ¢goaz) = 0 which affect to Fy;; = 0.
Consequently, Fi,:q; = 0 while the robot reaches the final point.

Let assumes that log (”(LQ""‘”) + 1) = 1 for simplicity, equation (27) will be

Ftotal(q) = _vvatt(q) + v‘/rep((q) )/
n 4, Qobs
= - s Ygoa + —+
£p(4; dgoat) oty (20)

1 p((g+ ), (q+ Qobs)
3/2°
p((a+0), g+ Cobs)”
remains that the robot position against the obstacle is p(q, Gops) = Cops and cops > 0.

As p((q+€), (g + Cobs) = ||gobs(q + €)|| > 0 (always positive value), it can be replaced with variable that
coined as v, where v > 0. Then, (28) can be simplified as

Ftotal(q) = _vvatt (Q) + v‘/;ep(q)

n (Qa QObS)/
—£p(q, 4goal) + T-‘r QD
i

1 (g +6): (@ + Covs)”

Now, (21) can be elaborated into state function in two dimensional (x and y), i.e. Fyotai(,t) and Fyorai(y, t).
If it assumes that F}o1q;(2) = @ and Fioa:(y) = ¥, then (21) is

n(x—mo)+n(scj:§—xo)

o { (22)
] =—£(y—yT)+n(‘Z:y")+n(yif_y°),

where (x,,y,) is obstacle’s position and (zr, yr) is goal position or origin point. Since c,ps and v are always positive,
then it can be neglected and is assumed equal to 1. Position (0,0) is set as goal position for simplicity. Thus, 22 is
modified

T =—€x+n(r—x,)+n(xxt(—x). (23)

Dividing left and right hands with x, (23) becomes

T 2nx, +
T xT

or in another form

d 2nz, +
I PR XS (25)
T T

by integrating left and right hands,

dz 2nz, +
f? :f_§+277_77777gdt 6
277xoiv7C)t

T

In(z) =(-§+2n—

A Novel of Repulsive Function on Artificial Potential Field for Robot Path Planning (Triharminto)
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In order to obtain explicit form, exponential function applies on the left and right hands,

2 +
fd?ﬂf [ gon— 2T ENC

My % 11 27)
e =e T .
Therefore, the function x in the time domain
2 +
sy Mo NG
xz(t) =e x )%
202, £ 1 (28)
-t
z(t) =e E2Mte x )
With the same process of &, y is obtained
My, +
) (—€+2n—ancﬁ
y(t) =e
2ny, £ nC) 29
)t
y(t) = e—(€—2n)t ¢ Y

Equation (28) and (29) are exponential function which means that a gradient function. Convergent system is acquired
by defining

E—2n>0
£ > 2n, G0
Based on conditions of , if { are positive, then
n(2z0+¢)
—=2=>>0
z 31
2x, > —( GD
and if  are negative, then
n(220—¢)
= >0
T 32
2z, > ( (32)
. For 9, (31) becomes
n(2yo—¢)
——— >0 (33)
2Yo > ¢
and (2y0+0¢)
N{<Yo > 0
(34)

Y

2y, > —C.
It can be concluded that satisfying (30) until (34) will make a curve response of the system which monotonically to
zero. Thus, the system is asymptotically convergent.

4. RESULT AND DISCUSSION

In order to prove performance of the proposed algorithm, the test conducted in the loop simulation. The
simulations are divided into the scenario. The first scenario has been proven for local minima problem, the second
scenario has been shown how the algorithm handles the GNRON problem, and the last scenario checked the robustness
of the algorithm by using a random position for initial, goal, and obstacles.

4.1. Scenario 1

The first experiment is application of the original APF that can be seen in Figure 5a. Parameter £ and nare
0.2 and 5 respectively. Figure 5a shows that the robot is stuck when it trap in the local minima. The robot cannot move
since the Fi,:q; = 0. In the scenario, the robot assumed as a point mass and the safety area (c.ps) is set of 2 unit. The
application of proposed F,., for local minima can be depicted as in Fig. 5b.

Figure 5b shows the simulation result where the robot can escape from the local minima. The proposed
repulsive function drives the robot to the goal while avoiding the obstacles. One of the drawback of proposed method
is that oscillation phenomena still occurred that can be seen in Figure 5b. The second thing is that the result path is
not the shortest since turning radius of the robot is far away from the cps.

IJECE Vol. x, No. x, May 2013: 1 -12
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4.2. Scenario 2

The other scenario was conducted regarding to GNRON problem. For simplicity, the obstacle was reduced
into 1 obstacle at (9,10) as illustrated in Fig. 6a. Figure 6a is the example of GNRON phenomena that the global
optimum (goal point) is not reachable due to repulsive force. It means that F},:q; = F), when the robot at the goal
and the robot has been repulsed away from the goal. Equation (19) has been implemented to handle GNRON problem
that can be seen in Fig. 6b. From Fig. 6b, it can be concluded that the proposed potential function solves the GNRON
problem.

4.3. Scenario 3

In this scenario, the obstacles was set randomly in the unstructured shape. The obstacle itself was constructed
by several points and represented three objects in the real scenario. The initial and goal point were also set randomly.
The results can be seen in the Fig. 7a and 7b.

The red dots is the points that generates the obstacles. The green dots are the safety area (c,ps) of an obstacle
which set of 1 unit. Formerly, the points is shaping into convex hull. The hull is then adding with virtual points to
form the points as an obstacle. Figure 7a and 7b prove the robustness of the algorithm in the different scenario. In the
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Figure 5. (a) Example of Local Minima Phenomena (b) Result of proposed F7.,;, of Local Minima Phenomena
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Figure 7. The example results of the proposed method with unstructured obstacles

scenario, the robot can avoid the obstacles successfully. The new repulsive function does not degrading the ability of
APF as obstacle avoidance algorithm.

4.4. Discussion

Although the proposed method assures that the robot can handle local minim and GNRON problem with the
analytic solution, but it has to be proven that the method is applicable in the real time system. On the other hands,
oscillation still occurs in the path generation and it cannot be neglected in the real time system. Thus, implementation
of proposed method which considers kinematic and dynamic constraints is the next step for further research.

5. CONCLUSION

This paper has been presented the problem associated with artificial potential field, i.e local minima and
GNRON. A new repulsive potential function has been proposed to cope the local minima problem by considering the
repulsive function surrounding the robot. The signum function that contains relative distance between the robot and
the goal is the proposed addition function in the repulsive field. The repulsive function surrounding the robot will
used as the trigger to escape from the local minima and the relative distance will ensure the goal position is the global
minimum of the potential function. Simulation results have been verified that the proposed algorithm can solve local
minima and GNRON problems.
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