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In this paper, a potential-based path-planning algorithm for a high DOF robot manipu-
lator is proposed. Unlike some c-space-based approaches, which often require expensive
preprocessing for the construction of the c-space, the proposed approach uses the work-
space information directly. The approach computes, similar to that done in electrostatics,
repulsive force and torque between objects in the workspace. A collision-free path of a
manipulator will then be obtained by locally adjusting the manipulator configuration to
search for minimum potential configurations using that force and torque. The proposed
approach is efficient because these potential gradients are analytically tractable. Simu-
lation results show that the proposed algorithm works well, in terms of computation time
and collision avoidance, for manipulators up to 9 degrees of freedom (DOF).

© 2005 Wiley Periodicals, Inc.

1. INTRODUCTION

Path planning of a manipulator is to determine a
collision-free trajectory from its original location and
orientation (called starting configuration) to goal
configuration." Some planners adopt the configura-

*To whom all correspondence should be addressed. Present
address: Department of Computer Science and Information Engi-
neering, Shu-Te University, Kaohsiung County, 82445, Taiwan,
Republic of China.

tion space (c-space)-based approach,”® which consid-
ers both the manipulator and obstacles at the same
time by identifying manipulator configurations inter-
secting the obstacles. A point in a c-space indicates a
configuration of manipulators. A configuration is
usually encoded by a set of manipulator’s param-
eters; i.e., angles of links of manipulators. The forbid-
den regions in the c-space are the points which imply
manipulator configurations intersecting the ob-
stacles. Thus, path planning is reduced to the prob-
lem of planning a path from a start point to goal in
free space.
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Unlike c-space-based approaches, geometric al-
gorithms directly use spatial occupancy information
of the workspace (w-space) to solve path planning
problem.”™ Workspace-based algorithms usually ex-
tract the relevant information about the free space
and use that together with the manipulator geometry
to find a path. However, most of the chosen paths are
not a safer one. One way to obtain the best match and
minimize the risk of collision is to define a repulsive
potential field between the manipulator and the
obstacles.”!%!!

In this paper, an artificial potential field, whose
magnitude is unbounded near the obstacle boundary
and decreases with range,'? is applied to model the
workspace for the path planning of robot manipula-
tors. The approach computes, similar to that done in
electrostatics, repulsive force and torque between ob-
jects in the workspace. A collision-free path of a ma-
nipulator will then be obtained by locally adjusting
the manipulator configuration to search for mini-
mum potential configurations using the force and
torque. The proposed approach uses one or more
guide lines (GLs) as final or intermediate goals in the
workspace. The GLs are line segments among ob-
stacles in the free space, providing the manipulator a
general direction to move forward. As a GL is an in-
termediate goal for a manipulator to reach, it also
helps to establish certain motion constraints for ad-
justing manipulator configuration during path plan-
ning, as discussed in Section 3. In Section 4, simula-
tion results are presented for path planning
performed on a SUN workstation for manipulators in
a 2-D environment. Section 5 gives some conclusions
of this work.

2. REPULSION DUE TO CHARGED POLYGONAL
REGION BORDERS

Polygonal description of obstacles is often used in
path planning because of its simplicity. It is shown in
ref. 7 that the repulsion, in forms of repulsive force
and torque, between polygonal regions whose bor-
ders are uniformly charged can be derived in closed
form. Planning a path among obstacles thus modeled
will guarantee collision avoidance as the potential
will increase indefinitely as an object approaching an
obstacle. In ref. 12, it is shown that the repulsion be-
tween the charged object and obstacle boundaries
due to linear and quadratic source distributions is
also analytically tractable, as reviewed in this section.

For a polygonal object and obstacles in the 2-D
space, line segments of their boundaries can be used
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Figure 1. Coordinate transformation. (a) The original co-
ordinate system (xy plane). (b) The new coordinate system
(uv plane) after the transformation.

as basic elements in the calculation of the repulsive
force and torque needed in path planning. The repul-
sive force and torque between these polygonal re-
gions can then be derived by superposing the repul-
sion between pairs of border segments, each
containing one line segment from the moving object
and the other from one of the obstacles.

In general, each pair of the repelling line seg-
ments can have an arbitrary configuration in the
work space as shown in Figure 1(a). To simplify the
expressions of the repulsion between them in the fol-
lowing subsections, a coordinate system is chosen so
that the obstacle line segment, AB, lies on the base
line, as shown in Figure 1(b). In the new coordinate
system (uv plane), the coordinates of the endpoints of
AB are assumed to be (0,0) and (d>0,0), respectively,
and the line containing the object line segment, CD,
can be represented as v=au+b, uy<u<u,.

2.1. The Integral Equations for Forces

Consider the electric field at point Q=(u",v") of cD
due to a point (#,0) on AB shown in Figure 1(b). We
have

- B 1] 1,
E&(E,,E,)=-V " __r_2r 1)

where 7= (u'—u,v'), r=||=J(u" —u)>+v'?, and 7
=7/r. o

Thus, the total force at point Q due to AB can be
decomposed into two parts, i.e.,

u'—u
—p(wdu, ()
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F,(u',0 )—L E,dq= jda p(w)ydu, (3)

where p(u) is the charge density along AB. L
For the total force on the object line segment CD,
we have'

q S
FfJ Zpuw',v')dfjZFuw',v’)p(s)dsf )
7 51

where s=\1+a%u’, p(s) is the charge density along
CD, and dg=p(s)ds=\1+a’p(u')du’. Thus, the
above integral equations can be formulated as

Lo(wp(ududu’.  (5)

e

2.2. The Integral Equations for Torques

Given any collision-free orientation of an object with
nonzero torque with respect to its rotation center, the
direction of the torque directly gives the direction in
which the object can rotate to reach a configuration of
smaller potential. In this subsection, we will consider
the formulation of the repulsive torque between two
charged line segments. Consider AB and CD shown
in Figure 1(b) and let P=(u,,v,) be a reference point,
e.g., the rotation center of the object. The torque with
respect to P, due to the repulsive force from AB on
point Q, is equal to

mp(u',0")i,=l(u',0")XF(u',0")
=(u'—uy,v" —vgp)

X(F,(u',0"),Fy(u',0")), (6)

where i;=i1,><i:,, f(u’,v’)=1°_()2=(u’—u0,v’—vo)
and ﬁ(u’,v’) =(F,(u',0"),F,(u',0")). Thus, the total
torque with respect to P due to the repulsion between
the two line segments becomes

1
For simplicity, only the u component is considered for the rest of
the paper.

rp=f Lrp(u’ 0" )p(s)ds
S1

up fd au'+b
(u'—ug) ——5—
uy JO T

Xp(uw)p(u")du du'

f fau +b— vo)

1+a?

P(u)p(u )du du’
7)

We will now show that with the above integral equa-
tions, the repulsive forces and torques between a
rigid object and obstacles can be evaluated analyti-
cally for linear and quadratic charge distributions
along their boundaries.

2.3. Repulsion Due to Linear and Quadratic
Charge Distributions

For the application of the proposed potential model
in achieving collision avoidance in path planning, the
optimal object configurations along a path can be
found more efficiently if the above integral equations
can be evaluated analytically instead of num-
erically. The main advantage of the proposed model
is that such analytic expressions can be found for lin-
ear and quadratic charge densities considered in this
subsection.

Assume the charge density p(u) is equal to 1, u,
or u? for an obstacle line, and p(s)=1, s, or s2 for an
object line. Nine different combinations of charge dis-
tributions will need to be considered in evaluating
the repulsion between the two line segments. For ex-
ample, from (5), the repulsive force along the u axis
for these nine combinations can be obtained from

FI=F(uy)—F(uy)

) uy (dy' —u
:(1+a2)(1+1)/2J J
up JO 1’3

widu(u'y du’,
8)

where i is equal to the order of the charge density of
the obstacle line, and j is equal to that of the object
line. It can be shown that analytic expressions exist
for all these integral equations. For example, we have
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Figure 2. A manipulator is moved toward the goal (not
shown) by sequentially traversing a sequence of GLs.

Ffiu"y /24 N1+a2f*(u'")
fru') /24 NT+af 2w’

©)

FX(u")=log

where f1(u')=(au’+b)>+(u—d)? and fr(u')=(au’
+b)%+u?.

In general, p(u) and p(s) can be any quadratic
functions, or

p(u)=ayu’+Biu+y, (10)

p(s)=ays®+ Bas+ vy, (11)

where coefficients ay, B1, y1, @, By, and vy, are
some real numbers. The repulsive force along the u
axis can still be evaluated analytically as

» 21 20 12 11
Fy=a1aoF [+ a1 BoF, +ayy,Fy + BrayF ,“+ B18,F,

+B17 F )+ yiagF P+ yi BoF Y + v voFY . (12)

Similar results can be obtained for F, and 7p. Thus,
for any p(u) and p(s), we can first evaluate the co-
efficients of the charge density functions and then use
the nine sets of expressions of the repulsion, as in (12),
to evaluate the total repulsion.

3. PATH PLANNING

The application of the potential model reviewed in
the previous section for path planning of manipula-
tors will be discussed in this section. Unlike some
c-space-based approaches, which often require ex-
pensive preprocessing to construct the c-space, the
proposed approach uses the workspace information
directly. The approach computes repulsive force and
torque experienced by each rigid component, e.g., a
link, of a manipulator. A collision-free path of the ma-
nipulator will then be obtained by locally adjusting
its configuration along the path for minimum poten-
tial using these force and torque.

(c)

Figure 3. Basic path planning procedure for a given GL
(see text).

For a rough description of object path, the pro-
posed approach uses one or more guide lines (GLs) as
final or intermediate goals in the workspace. The GLs
are line segments among obstacles in the free space,
providing the manipulator a general direction to
move forward (see Figure 2). A collision-free traversal
of a given sequence of GLs by the end-effector is re-
garded as a global solution of the path planning prob-
lem of a manipulator. Although free space bottle-
necks defined by minimal distance links?> (MDLs)
among the obstacles (see ref. 13) are good candidates
as GLs for path planning, other links among the ob-
stacles can also be used, e.g., GL; shown in Figure 2.
As for the amount (or density) of the GLs along a
path, as long as two consecutive GLs are visible to
each other, additional GLs can be inserted (interpo-
lated) between them in a very straightforward man-
ner (see ref. 14). It can be shown easily that the MDLs
described in ref. 13 satisfy such a visibility condition.

3.1. Basic Procedure of Path Planning

In this paper, the proposed path planning approach

derives a series of minimum potential configurations

’In this paper, it is assumed that a sequence of GLs is given in
advance. Usually, the GLs can be chosen as the minimal distance
links (MDLs). The MDLs can be determined easily as to connect
(convex) obstacle nodes in the obstacle neighborhood graph in
ref. 13. An ordered subset of those links can be used as the se-
quence of GLs. In ref. 13, a path containing a sequence of GLs is
obtained efficiently by A* search algorithms. Therefore, the com-
puting time of determining a sequence of GLs includes the time of
connectivity graph construction and the time of searching the se-
quence of GLs. The graph construction algorithm requires time
O(nlogn), where n is the total number of vertices of obstacles.
The A* search algorithm will be bounded in time O(n?), where n
is the number of nodes of a graph.
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along the path of a manipulator by locally adjusting
its configuration for minimum potential using the re-
sults given in Section 2. Assuming that a guide line
e1e, is given as an intermediate goal, the basic path
planning procedure for moving the end-effector p
of a manipulator onto e1e, include (see Figure 3) the
following:

(i) Translate the distal links of the manipulator to
move p toward the eqe, [Figure 3(a)].

(ii) Search for the minimum potential configura-
tion of the manipulator for constant |pe,|
+|pe,| by repeatedly execute:

(a) Search for the minimum potential configura-
tion of the manipulator with the distal link fixed
in orientation [Figure 3(b)].

(b) Search for the minimum potential configura-
tion of the manipulator with the end-effector p
fixed in position [Figure 3(c)].

(iii) Repeat (i) and (ii) until the end-effector
reaches the line segment e;e,.

In general, there are different ways to change the
manipulator configuration to move p toward eje,. A
simple translation of distal links® is adopted in (i) as
a preliminary implementation of our algorithm. As
shown in Figure 3(a), the translation of a predeter-
mined distance & of the distal link is carried out to
move the end-effector from p’ to p. The direction of
the translation is determined with respect to the two

end points of the GL, e; and e,, such that p'p bisects
Leqp'e,.* A collision check is performed for such a
translation.’ If there is a collision, each time the dis-

%In step (i), an intermediate simple solution of the inverse kine-
matics problem is obtained by the translation of all manipulator
links except for the two base links. For each translation, the two
base links and thus the manipulator can have at most two feasible
configurations for each translation. In step (ii), the problem is
solved by using the potential gradient to compute a sequence of
suboptimal solutions with monotonically decreasing potential un-
til the minimal potential solution is found.

“Such a direction is actually the inward normal direction of the
ellipse, [pe,|+|pe,| = const, at p.

*Whenever a link of the manipulator changes its location and/or
orientation, a simplified, quadrilateral swept region is obtained
for each edge of the link by using two line segments to connect
the two ends of the edge, respectively. The detection of collision is
then performed for that edge by checking for any intersections
between the swept region and all obstacle borders.

tance of the translation is reduced by 50% until it is
collision-free. No configuration improvement using
the repulsion experienced by the manipulator is con-
sidered at this stage.

As for searching for the minimum potential con-
figuration of the manipulator in (ii), links of the ma-
nipulator are adjusted from the distal link to the base
link using repulsion. The distal link has two DOFs,
i.e., its location which is constrained by |pe;|+|pe,|
= const and its orientation, while each of other distal
links has one DOF, its orientation. The two base links,
together, have at most two possible configurations
with no freedom to fine-tune their configurations.

In (ii), the associated constrained optimization
problem is divided into two iterative univariant op-
timization procedures, as in (ii-a) and (ii-b). In (ii-a),
the distal link is fixed in its orientation [see Figure
3(b)] as p slides along the elliptic trajectory to search
for the minimal potential configuration and other dis-
tal links are sequentially adjusted in orientation, star-
ing from the link connected to the distal link. In (ii-b),
the distal link is adjusted in orientation while fixed in
position [see Figure 3(c)] and the procedure for ad-
justing the rest links is similar to that in (ii-a). De-
tailed implementation is presented in the next sec-
tion.

For each elliptical trajectory, (ii-a) and (ii-b) are
repeatedly performed until negligible changes in the
manipulator configuration are obtained. Then an-
other smaller elliptical trajectory is obtained with (i)
and the process repeats. The path planning algo-
rithm, as summarized below, ends as the end-effector
reaches the given GL (and the ellipse degenerates into
a line segment, the GL).

Algorithm End_Effector_to_GL

Step 0 Initialize 6=§8,, where &, is arbitrarily
chosen.

Step 1 Translate the manipulator with distance &
along the direction of the bisector vector

of p'eq and p’e,. If collision occurs or if
the two base links become unconnected,
6—0/2 and go to step 1.

Step 2 Translate the distal link to move the end-
effector p along the elliptical trajectory,
|pei| +|pe,| =const, to minimize the po-
tential.

Step 3 Joint angle adjustment for the minimum
potential configuration with p fixed in po-
sition.

Step 4 Go to step 2 if the translation in step 2 or
the joint angle adjustment in step 3 is not
negligible.
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guideline

Figure 4. Sliding p along ellipse E;, by translating Ink,, to
reduce the repulsive potential.

Step 5 If p reaches GL, the planning is completed.
Otherwise, go to step 1 with 6= 4,.

For path planning involving multiple GLs, the
above algorithm will be executed for each of them se-
quentially. It is assumed that the planning for a GL
starts as the planning of the previous GL is accom-
plished. The path planning ends as the end-effector
reaches the goal, which is usually a (goal) GL in the
path planning problems considered in this paper.

3.2. Implementation Details

3.2.1. Step 1 of Algorithm End_effector_ to GL

Consider the manipulator shown in Figure 3(a). Its
end-effector is initially located at point p’ and is
moved toward an intermediate goal GL, such that it
is moved with distance & along the direction of the

bisector vector of p_’?l and p_’?z, from p’ to p. Such a
movement is achieved in the implementation by
translating every link except the two base links. It is
not hard to see that the two base links have at most
two possible configurations; i.e., the two base links
together may have two, one, or no feasible configu-
rations depending on the amount of translations of
the distal links. In the computer implement, if there
are two feasible configurations for the two base links,
the one that requires less adjustments in joint angles
of the two links is selected.

3.2.2. Adjusting End-Effector Position in Step 2

After the end-effector reaches the p, as shown in Fig-
ure 3(b), one of the univariant procedures, which al-

lows the distal link to adjust its location but not its
orientation in minimizing the repulsive potential, is
performed in step 2 of End_effector_to_GL. Since the
minimization is constrained by |pe;|+|pe,|= const,
only the resultant force experienced by the distal link
along the tangential direction of the ellipse is taken
into account.

Consider the forces exerted on the distal link
Ink, , as shown in more detail in Figure 4. Let f; be the
repulsive force exerted on Ink, due to the repulsion
between [nk, and the obstacles, and f, be the force
exerted on J,,_; due to the repulsive torque between
other manipulator links and obstacles. For a univari-
ant minimization approach, only one variable is ad-
justed at a time. To determine the minimum potential
location of Ink, under the elliptical constraint, all of
the joint angles of the manipulator, except the base
joint J, are assumed to be fixed. Therefore, the above
repulsive torque, denoted as 7, is calculated for a
single rigid composite link formed by all the other
manipulator links with respect to J,. Thus, we have

fZZK/ (13)

where [, is the length of [y],,_;. To determine the di-
rection in which p should slide along the ellipse Eq,
and thus Ink, should translate, to reduce the repul-
sive potential, the direction of the projection of the re-
sultant force exerted on Ink, along the tangent of E;
atp, L,

fr=firtfor, (14)

is calculated. A gradient-based binary search for the
minimum potential location of p along E; can thus be
performed using (14). The search ends when the
movement of Ink, or the magnitude of f; is negli-
gible.

Each time the position p, and Ink,,, is changed in
the above search process, the orientation of rest links,
i.e., joint angles at J, through J,_;, need to be ad-
justed for connectivity and for minimum potential of
the manipulator. Such a procedure is very similar to
the joint angle adjustment performed in step 3 of
End_effector_to_GL, as discussed next.

3.2.3.  Adjusting Joint Angle in Step 3

Once the minimum potential position of the distal
link is determined with step 2 of End_effector_to_GL,
another univariant procedure, which allows the dis-
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tal link to adjust its orientation but not its location, is
performed to reduce the potential further, as shown
in Figure 3(c). Under the constraint that end-effector
is fixed in location p, the distal link can rotate with
respect to p to reduce the repulsive potential. The di-
rection in which the distal link should rotate is deter-
mined by the repulsive torque experienced by the dis-
tal link with respect to p.

Consider the repulsion experienced by the distal
link Ink, with end-effector p fixed in position. Let 7,
be the repulsive torque experienced by Ink, with re-
spect to p due to the repulsion between Ink, and let
f>, as described in the previous subsection, be the
force exerted on J,,_; due to the repulsive torque be-
tween other manipulator links and obstacles. The re-
sultant torque experienced by [nk, with respect to p
is equal to

Tﬁ27n+f2L'lnr (15)

where [, is the length of Ink, and f,, is the projection
of f, along the direction perpendicular to Ink,. A
gradient-based binary search for the minimum po-
tential orientation of Ink, for p fixed in position can
thus be performed using the direction of 7¥. Each
time the orientation of Ink, is changed, the orienta-
tion of the rest links are adjusted iteratively for con-
nectivity and for minimum potential using ¥ ;,
¥ _5,..., etc. The search ends when the movement of
Ink, or the torque 7 is negligible.

As for the computation complexity, if every link
needs k binary searches on the average to find a best
orientation, the total number of binary searches
needed for the derivation of the minimum potential
configuration of an n-link manipulator is equal to

KA k2 44k 2=(k""1=k)/(k=1),  (16)

which appears to have a fairly large value. Fortu-
nately, much lower computation complexity is often
observed, as in the examples considered in next sec-
tion. Nonetheless, since path planning problems vary
significantly in nature, further investigation into a
more practical estimation of the number of binary
searches required in the step of joint angle optimiza-
tion is needed.

4. SIMULATION RESULTS

In the section, simulation results are presented for
path planning performed on SUN Ultra-1 for ma-
nipulators in a 2-D environment. In order to show the

Figure 5. A path planning example derived from ref. 15.

path of a manipulator more clearly, every configura-
tion of a path obtained by End_Effector_to_GL is shown
in a different gray level; i.e., the initial configuration
is shown in black and final configuration is shown in
white. Moreover, all manipulator and obstacle
boundaries are assumed to be uniformly charged, ex-
cept for those marked out explicitly for nonuniform
charge distributions. The precision for optimal con-
figurations obtained in steps 2 and 3 is equal to 0.3
units and 0.625°, respectively, for link locations and
orientations. A feasible initial rotating degree, 5°, and
a precision degree, 0.625°, are used in our simula-
tions. Using the initial rotating degree, a binary
search algorithm will take four time checks at most to
determine a rotation. It is obvious that the orientation
of a link may change insignificantly, when it moves to
next configuration. In other words, the rotating de-
gree of a link is small and the planned paths are
smooth. Therefore, the initial degree, 5°, for each ro-
tation is a feasible choice.

Figure 5 shows the path planning result similar to
an example shown in ref. 15. In our simulation, there
are two GLs predetermined in the workspace of size
30 by 20 units. The initial distance of translation, &,

Table I. Computation time for manipulator configura-
tions shown in Figure 5.

Computation times (s)

config.1: 1.6000
config.2: 0.4200
config.3: 0.2300
config.4: 0.1500
config.5: 0.0330
config.6: 0.1400

config.7: 1.2900

config.8: 0.2900

config.9: 0.1200

config.10: 0.1600
config.11: 0.8900
total time: 5.6600
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Figure 6. A path planning example derived from ref. 16.

is arbitrarily chosen as 2.2 units. The simulation result
takes a total of 5.66 s to plan the 11-configuration
collision-free path and the computation time for each
configuration is shown in Table 1. The path planning
spends most CPU times for the first and seventh con-
figurations. The planned manipulator path is ob-
served to achieve better results in terms of collision
avoidance compared with the path obtained in ref. 15.
Figure 6 shows the path planning result similar to an
example shown in ref. 16. In our simulation, there are
four GLs predetermined in the workspace of size 30
by 30 units. The initial distance of translation, dy, is
chosen as 4.0 units. While it takes 5 s for a SUN
SPARC to generate a four-configuration path in ref.
16, the eight-configuration path is obtained by the
proposed algorithm in 0.87 s for a SUN Ultra-1. In this
simulation, the shortest computation time is obtained
when the ¢, is equal to 4 units.

In general, the number of configurations and the

Figure 7. A path planning example derived from ref. 6.

Table Il. Computation time of various &.
8o Total time No. of configurations
2.4 6.2637 15
22 6.5934 16
15 7.5275 20
1.1 9.8901 28
0.5 16.4835 63

computation time depend on the size of the initial
distance of translation, 8. For larger &, fewer configu-
rations will be generated along the path if there is no
collision. On the other hand, if §is too large, the com-
putation time may increase because collisions may
occur frequently. Figure 7 shows the path planning
result similar to an example shown in ref. 6. In our
simulation, there are seven GLs predetermined in the
workspace of size 30 by 20 units. The initial distance
of translation, §,, is chosen as 2.2 units. The simula-
tion result takes a total of 6.5934 s to plan the 16-
configuration collision-free path. Table 2 shows the
total computation time and the number of configu-
rations of the 6planned manipulator path, for different
values of §,.” For the PRM presented in ref. 6 using
a DEC Alpha, a computation time of 5 s only corre-
sponds to success rates of 50%. For a success rate of
more than 97%, the total computation time will ex-
ceed 15 8.7

The proposed algorithm also performed well for
high DOF manipulators as shown in Figure 8. There
are three GLs predetermined in the workspace of size
30 by 30 units. The initial distance of translation, &,
is chosen as 1.2 units. The computation time of the
11-configuration path is equal to 8.13 s. Figure 9
shows another high DOF example in which a nine-
link manipulator need to snake into the cave with a

®One can see from Table 2 that the products of &, and the number
of configurations are about the same, about 30, except for the two
largest 8,’s wherein collision will occur more frequently. As for
the selection of an initial &, it seems that a value of about 10% of
the size of the workspace is a reasonable selection for an initial
8y, which corresponds to a maximum of 10 steps for the manipu-
lator to reach any goal in a straightforward path planning prob-
lem. For the path planning problems considered in this paper, the
initial &y’s are chosen between 4% and 15% of the workspace size
such that enough configurations can be generated to show the
spatial smoothness of the planned path.

In general, a direct comparison of the proposed approach with
the PRM method is not trivial. While a sequence of GLs is as-
sumed given in the former, preprocessing of the construction of
c-space is needed in the latter.
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Figure 8. A six-link manipulator example.

collision-free path. There are four GLs predetermined
in the workspace of size 30 by 30 units. The initial dis-
tance of translation, &y, is chosen as 2.2 units. The
computation time of the 11-configuration path takes
a total of 9.26 s.

In Figure 9, the manipulator may move very close
to an obstacle’s corner (as indicated with a pointer).
In order to keep a safe distance away from the corner,
the charge distributions of the left side of the cave is
modified to be nonuniform and a safer manipulator
path is obtained, as shown in Figure 10. In Figure 10,

Figure 10. A nine-link manipulator example with non-
uniform charge distributions.

the charge density is doubled for the segment marked
with three 2’s and is increased linearly from 1 to 2 for
the other segment marked with three different num-
bers. The computation time is equal to 12.4 s for the
path shown in Figure 10 as the calculation of potential
with new charge distribution is more complex. In
general, for similar robot/obstacle shapes and charge
distributions, the computation time will be propor-
tional to (i) the number of line segments of robot, (ii)
the number of line segments of obstacles, and (iii) the
number of robot configurations calculated.

Figure 9. A nine-link manipulator example with uniform
charge.

Figure 11.
10.

A path obtained by changing a GL in Figure
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Finally, if the GLs are changed in position, the
change of the planned path is usually not significant.
For example, Figure 11 shows a path obtained by
changing the position of a GL in Figure 10. While the
GL connects two vertices, one from each side, of the
polygonal passage in Figure 10, the modified GL
shown in Figure 11 corresponds to an MDL. One can
see easily that the two paths are very similar.

5. CONCLUSION AND FUTURE WORK

In this paper, a potential-based algorithm for the path
planning of a robot manipulator is proposed. The
proposed algorithm uses an artificial potential field to
model the workspace wherein object boundaries are
assumed to be charged with various source distribu-
tions. The repulsive force and torque between objects
thus modeled are analytically tractable, which makes
the algorithm efficient. To give a general direction of
the path, a sequence of guide lines to be reached by
the manipulator is assumed to be given in advance in
the workspace. As a GL is an intermediate or final
goal for a manipulator to reach, it also helps to estab-
lish certain motion constraints for adjusting manipu-
lator configuration during path planning. According
to such constraints, the proposed approach derives
the path for a manipulator by adjusting its configu-
rations at different locations along the path to mini-
mize the potential using the above force and torque.
Simulation results show that a path thus derived is
always spatially smooth while its safety can be ad-
justed easily by selecting proper charge distributions
for the potential-based workspace model. Since the
proposed approach uses workspace information di-
rectly, it is applicable to manipulators of high DOFs.
In our experiments, manipulators with DOFs up to 9
have been tested with satisfactory results.

The proposed approach can be extended to cases
involving various types of manipulators, and to
workspace of higher dimensions with some modifi-
cations. In 3D environment, the potential model pro-
posed in ref. 17 can be used to model the 3D work-
space. Accordingly, the minimization of potential in
3D workspace is extended to a search on a “guide
plane” for the configuration adjustment (see ref. 14).
On the other hand, since the proposed approach per-
forms nicely in a narrow passage in terms of collision
avoidance, it may very well be used as a local planner
in a PRM context if the PRM can provide the needed
initial conditions to the local planner.
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