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An Analytically Tractable Potential Field Model of Free  algorithms are more complicated, their original forms are mainly

Space and Its Application in Obstacle Avoidance useful in solving hard path planning problems.
For less complex problems, i.e., if the free space is not extremely
Jen-Hui Chuang and Narendra Ahuja congested and the object is of simple shape, effective representation

of the problem can be obtained in terms of the free space. Simple
planning strategies can then be used to determine the object con-

. g figuration along the path in the free space. Octree representation
is presented in this paper. The model assumes that the border of every f the th : . | f . . |
two-dimensional (2-D) region is uniformly charged. It is shown that the = O t_ et ree-dlmgnslona' ree space IS used in [4]. Rectangular
potential and the resulting repulsion (force and torque) between polygonal corridors and their junctions are used in [5] to represent the free
regions can be calculated in closed form. By using the Newtonian potential space among rectangular obstacles. Convex areas are used in [6]
function, ;:oll(ijsi_on avotiganlce t?etweertl)lobjecAt Iandlot:stacle _th‘és mlodelzd for planning a path of a point object. Generalized cylinders and
is guaranteed in a path planning problem. A local planner is develope .

for finding object paths going through narrow areas of free space where convex polygons are use.d in [7] to .rep.resent free space. In [,8]‘
the obstacle avoidance is most important. Simulation results show that the edges of the gener_allzed Voronoi dlagram are useq to derive
not only does individual object configuration of a path obtained with paths for rectangular objects. In [9], the effective dimension of the

the proposed approach avoid obstacles effectively, the configurations also configuration space is reduced by planning the motion of each link of

Abstract—An analytically tractable potential field model of free space

connect smoothly into a path. a manipulator successively. Because of the simplifications in the free
Index Terms—Atrtificial potential field, free-space representation, ob- space representation, these algorithms are faster than the complete
stacle avoidance, path planning. algorithms, but their applications are limited to easy path planning
problems where tightly maneuvering through narrow space is not
necessary.
I. INTRODUCTION

These two types of algorithms search for the orientation an object

The objective of the path planning problem is to determingnoyid assume at any point in space to avoid collision with nearby
how to move an object from its original location and orientatiogpstacles. The result of the search may simply be a collision-free
(called the starting configuration) to the goal configuration whilgpject configuration. On the other hand, a more desirable result should
avoiding collisions with obstacles. The nature of the problem mayrespond to the “safest” object configuration which is most unlikely
change significantly with the characteristics of the objects and the cause a collision. One way of exploiting the spatial occupying
obstacles. For example, the objects and obstacles may be rigidffhrmation of object and obstacle for this purpose is to define a
deformable, they may be moving or stationary, and the motion of theaasure of the likelihood of collision, and then determine the object
objects may be constrained or unconstrained (see [1]). A potentiﬁgjectory and orientation using the measure.
based free space model is proposed in this paper. It is showmy potential function which is a cubic function of the distance
that with analytically tractable potential field, collision avoidancgenyeen a point object and the obstacles is used in [10] for moving a
can be achieved effectively and efficiently. Although this papgfsint object in 2-D space. An artificial repulsive potential, which is a
mainly considers path planning for a single rigid object amongnction of the shortest distance between the moving object and the
stationary and rigid obstacles in the two-dimensional (2-D) spaG§pstacles, is used in [11] for local planning of linked line segments.
the discussion concerning collision avoidance can be extended easiiilar local planning is done in [12] using a superquadric and an
to path planning problems of other nature with few modifications. artificial potential function whose value is determined by the Yukawa

function [13] and whose isopotential contours are modifiegllipses.

A. Previous Work Harmonic functions are used in [14] to find object trajectories in the

Geometric algorithms which use spatial occupancy informatigiPnfiguration space. Boundary equations of polytopes are used in [15]
to solve path planning problems usually consist of two parts. R create an artificial potential function. An initial path is optimized by
the first part, relevant information about the free space structureMénimizing a cost function of the repulsive potential and parameters
extracted, which is then used in the second part to find the paththe object motion. The path planning problem is also formulated
of a moving object. For more complex problems, algorithms whichS an optimal control problem in [16] using the distance function.
combine the two parts and simultaneously use the known obstacle 4hd17], @ numerical potential field on a grid is used to represent the
object shape information are required for successful path planniggnfiguration space. The principal advantages of potential field-based
A representation of the problem based on combined information c@pProaches include the simplicity of the representation of free space,
be obtained by moving the object while keeping in contact with tH&€ guidance in the object motion provided by the negative gradient
obstacles. A solution is guaranteed if there is one, i.e., the algorithnPfsthe potential field in the form of repulsive force, and the readiness
complete The configuration space approach [2] and the critical curf its extension to spaces of higher dimensions.
approach [3] are examples of this type of algorithms. Because these
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1) The magnitude of potential should be unbounded near the ob- y
stacle boundary and should decrease with range. (This property A
captures the basic requirement of collision avoidance.)

2) The potential should have spherical symmetry far away from Ad
the obstacle. Yo

3) The equipotential surface near an obstacle should have a shape
similar to that of the obstacle surface.

4) The potential, its gradient and their effects on derived paths
must be spatially continuous.

In this paper, the Newtonian potential, which is defined as

- >
1 X1 Xy X
! Fig. 1. A finite line charge and its effect on poirt
for two points of unit charge and a distanceapart, is used in the
free space representation wherein each object/obstacle region bogdgs: 4 due to a point £, 0) of the line charge is

is assumed to be uniformly charged. It is not hard to see that such a

. o 1 1
free space model possesses the above attributes. Furthermore, it will - = rp <u < 1)
be shown in this paper that the resulting potential field also possesses ! VT~ + 4o
the following desirable properties. wherer is the distance between these two points. The total potential

5) The potential and its gradient due to obstacles having simgé pointA due to the whole line segment can then be calculated as
shapes, say polygonal obstacles, can be calculated in clo§sge also [19])

form. ) /“"2 dx 2 dx
6) Thg potential angltr_epHIS|t\/e f;)rgle and torque between polygonal o T e 22+ 2
regions are analytically tractable. .
o . v . . - lv2 + /22 + y2|
Thus, optimal collision-free object configuration which is most un- = log T 2)
likely to cause collision can be obtained with efficient search methods 21 + V't + y3
for each location along a path. If there is more than one line segment, the total potential is simply

The rest of the paper is organized as follows. The detailed derithe sum of the potential values due to each individual line segment
tions of the closed-form expressions are given in the next sectiaocording to the superposition principle.
wherein the numerical stability of the computer implementation is If yo = 0, i.e., pointA and the line charge are collinear, then
also i_nvestigated. An gpplication of the_ proposed model _to the path T de log |wa /21| if 21 >0
planning problem is discussed in Section Ill. The analytical results ba =/ T {log o1 fas| if 22 >0 (3)
derived for the proposed potential-based model are used by a local o . B
planner to achieve collision avoidance for object path going throughich is the limiting case of (2) when; - z2 > 0. Whenz; -2 <0,
a narrow area. Some concluding remarks are given in Section IVit can be shown from (2) that

lim ¢4 = oc. 4)

yo—0

Il. ANALYTICALLY TRACTABLE POTENTIAL FIELD . . . .
o ] . _ The value ofcc is desirable for contact detection and collision
In the proposed approach, collision avoidance in path planningdgoidance sincgo = 0 whenz, - 22 < 0 corresponds to a collision
achieved using repulsion between object and obstacle resulting frggtween point4 and the line charge.
the Newtonian potential-based model. It is shown in this section thatThe negative gradient of the potential function is the repulsive
by gssuming uniform charge distribution on boundarieg of |o_olygon@,|rce experienced by a point charge of unit strength. Moving away
regions, the repulsive force and torque can be derived in clospgm that point along the force direction corresponds to a maximal

form. Therefore, computationally expensive numerical evaluation pite of reduction of the potential. The repulsive force on pdirin
the repulsion, which requires discretization of the region boundari¢sg. 1 due to a pointz, 0) on thez-axis is

can be avoided. The search of optimal object configurations which 1 1 1
requires minimization of the repulsive force and torque can thus be _v<7> = St = ———(cos %X + sin 0y)
performed with an efficient, gradient-based search. r r T E Yo

In this section, the repulsive potential due to uniform chargehered is the angle between the position vector and thaxis,
distribution on boundaries of polygonal regions is first discussedieasured in the counterclockwise direction. Therefore, the resulting
Closed-form expressions for the repulsive force and torque betwderce from the line segment oA can be calculated from

two line segments are then derived. The repulsion between the polyg- 22 cos O da 22 —zdz
onal regions can then be calculated according to the superposition F, = / r2(z) :/ (22 + y2)3/2
principle. The derivation of the potential at a point due to uniform o s o 0
charge distribution on boundaries of polygonal regions (but not the _ 1 (5)
repulsive force and torque between polygonal regions) can also be Va2 +y2
; w1
found in [18]. and
P 2 osin Ode 72 yo dx
A. The Potential Function Y P T O R S R e
Consider a pointd located at @, yo) and a finite line charge on r 2
the xz-axis with a unit charge density uniformly distributed between = (6)
g A VCET N

x = x; andx = x2, as shown in Fig. 1. The Newtonian potential at
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wherea andd are constants. The total torque due to repulsion between

(obstacle edge) = ="
ab and cd is then

a b 0
T. = / T.(2) da. (12)
0
e . d If b andcd are not parallel, the tangent of the angle between them
/ is nonzero § # 0), and (12) can be simplified as
C (object edge) - 1 /-dl wd vdy rde
Fig. 2. Two line segments and a reference point for the calculation of the Tog9\Jo Vat4br+c o Vrtdexr+f
repulsive force and torque due to the Newtonian potential. N i( ~dq agg + (di+ ji)g — hi2 0
whereFl_. is the force component along theaxis andF, is along g2 4 (di + li)g — hi?
the y-axis. - = d
0 Va4 er+ f
B. Repulsion Between Line Segments L dg—hi (/“’1“ (jg — hi) da
For the discussion in this subsection, the force exerted on a point g’ h w4 b e
of a line segment, as a function of its location on the line segment, ~dy+h’ (lg — hi) dz
from points of another line segment is first derived. The result is then - / ﬁ (13)
used to derive the repulsive force and torque between line segments. h R

The force and torque are useful in adjusting object location awghere’’ = h/g, V', ¢, ¢/, and f' are constants. I&b andcd are

orientation, respectively, along a path for obstacle avoidance. Thgrallel but not collinear, i.eg = 0 and 2 # 0, (12) becomes
torque is calculated with respect to a reference point, i.e., the rotation

rdy rdq
center for the orientation adjustment. T. = 1( Va2 + by 4+ cdr — / Va4 ex + fde
1) Force Exerted on a Point of a Line Segment from Another Line h\Jo 0
Segment: Consider two line segmenta)p and ¢d shown in Fig. 2. n /“’1 (di+ji—b)x+ (dj +ah —c) e
The coordinates of the end points b, ¢, andd are assumed to 0 Va2 +bx+c )
be (m_, az), (b1, b2), (O,_ 0), and ¢ > 0 0), respective_ly (after a U (di 10 =)o + (Al + ah — f)
coordinate transformation). The repulsive force on point(() due - ‘ — lx (14)
to line chargead can be expressed as 0 vt tert f
. . Finally, if ab andcd are collinear(g = h = 0) and F}, = 0, (12)
) — . + (o \nT ab
F(‘I) - .F(,,{,(I/)n,,,[, + Fab("“)nab (7) becomes

wheref,, 2 (n1, n2) is the unit vector along the — a direction, T —u /‘dl dx _ 1 dz (15)
n, 2 (—na, m1) is a unit vector perpendicular i, and, from (5) : o Va+br+ec o Vitter+f )

and (6) 3) Repulsive Force Between Two Line Segmeisr the two mu-

1 1 tually repelling line segments shown in Fig. 2, the force on point

Fa /; = —_ 8 —_— . . . . .
v(z) Va2 ¥ br + e \/12 +ex+f ® (2, 0) of ab along an arbitrary directioe = (e1, e2) is the inner
and product of the force and, or
Ft(b) _ 1 ir+J _ kxr 41 ©) F.(x) =F(x)-e. (16)
“ gr+h\ /22 +bx+c \/;l'z +ex+ f

Following procedures similar to those used previously for the deriva-
whereb, ¢, e, f, g, h, i, j, k,, andl are constants since, 2, and tion of the total torque, the total repulsive force alanfpr the cases
yo in (5) and (6) are nowinear functions ofz. a)g #0,b)g =0, #0,and c)g = h = 0, respectively, can

2) Repulsive Torque Between Two Line Segmef@tsnsider re- be expressed as

pulsion involving only two line segments, as shown in Fig. 2. Wet . dy . dy da
be the stationary obstacle] be the moving object anel = (e, ) F. = <d — ﬂ)(/ + - / %)
be a reference point. The torque with respect to peinlue to the 9 o Vattbrte o yatter+f
repulsive force fromub, on pointx = (z, 0) of ¢d is equal to o </-d1+h’ (jg — hi)de
T(x) = F(x) x (x— ¢) (10) G\ eV e
- : I . th (g — hi)da
which is perpendicular to the plane containirig ¢d, and pointe, or - / # a7)
the -y plane. Letz-axis be defined such that the unit vectors satisfy h? vyt telet f
2 = & x §. From (7)—(10), we have [ < p aj) 1 dx
Twy=_02ta  ___gr+a ‘ hi)Jo VaT+brte
T VaTtbr e JaPter+ f —<d—ﬂ) o de
(ix + d)(iz + j) hi)Jo Je2dex+f
(g + h)Vz2 4+ bx+c _ai /'dl zdx B 1 xdx
(kx + d)(ka + 1) (11) hi\Jo Vaez2+bx+ec o rzdexr+f

B (gz+ h)\J/z2+ex+ f (18)
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Fig. 3. Object/obstacle configurations used for the calculation of repulsive E
torque between two line segmenis is fixed at its midpoint and is placed sa [
at 100 equally spaced angular locations. E
sk Lj
and 3.B:|'[llAlliLLL|<lLL1j
F _d /-dl dl‘ ‘dl (lfC (19) 0 n/2 n
T\ Vaetbrte Jo JRtertF ) ROTATION ANGLE

The major advantage of the proposed potential-based model, Fas 4. The repulsive torque with respect to (0, 0) experienced:byn
mentioned earlier, is that the resulting repulsive torque and forE&. 3 as a function of the rotation angle @b.

between polygonal regions can both be evaluated analytically. This

is owing to the fact that the integrals in (13)—(15) and (17)—(19) al

r . . .
all integrable in closed form (see [20]). é)onsequently, some integrals in (13) and (17) will have to be evalu-

ated with the corresponding, simpler integrands. The last parenthesis
of (13) [and (17)] will contain dco— oo ) term which should evaluate
to zero if there is no contact betweeh andcd. Therefore, any-oo

Due to the finite precision of the computer implementation, conand accompanying-oc terms thus produced should be removed in
putation of the total repulsive torque and force between two lintke calculation. Similar arguments apply when the line containing
segments using (13)—(15) and (17_)—(19) _directly may yield erroneopsints a and b intersectsed at a point between points and d,
results. Consider two line segmenfsandcd shown in Fig. 3 where which corresponds te-d; < A’ < 0.
ab, fixed at its midpoint, is placed at 100 equally spaced angular
locations. The torque values obtained with direct computation using
the above equations are shown in Fid. K.is readily observable I1l. A PPLICATION—A POTENTIAL-BASED LOCAL PLANNER
that glitches in the calculation occur when the two line segments arf this section, a simple local planner is used to demonstrate the
nearly parallel. Calculations with higher precision will only reduce thgge (iyeness of the proposed free-space model in achieving collision
effect but not eliminate it [because of the productsiofyf) in (13)]. 4y qidance of object motion around the bottleneck regions. Central
Since the torque (and force) due to Newtonian repulsion are smogth,, sojution to the path planning problem is the identification
functions of the onentatlc_)ns of the repelling line segments and 3P the set of bottlenecks in the free space which the object may
well-behaved when two line segments are almost parallel but not{e (4 traverse in order to reach the destination. These regions are
contact, interpolation methods can be used in the computer simulati@gse|y surrounded by obstacles and the object has to tightly maneuver
to calculate the torque for very smalvalues. The torque and force . ,0h the obstacles to avoid any collision. The local planning of
are obtained with linear interpolation whé000001 < g < 0.2,  ypiect motion around a bottleneck, which is the focus of this section,
and two line segments are treated as parallgl 4 0.000001. requires spatial reasoning without performing detailed computation of
_ Special care is also needed in calculating the repulsion between s getween the bottleneck regions, object motion is much more
line segments having other geometric relationships. For examplegils (the corresponding motion planning is not considered in this
can be shown that wherb is collinear with points: or d, 2’ should paper for brevity).

be replaced by 0 ord:, respectively, in (13) and (17). This is" £ the 2-D problems, free space bottlenecks can be defined by

C. Numerical Stability of the Computation of Force and Torque

summarized in the following equation: the minimal distance links (MDL’s) among polygonal obstacles, and
27 collinear with pointe | _ A =0 20 object shape can be represented by its skeleton. Both of these rep-
“ pointd [ ~ A = —d; [’ (20) resentations can be computed easily (see [7] and [21], for example).

Given a bottleneck, the topology of the local path is described to the

proposed local planner using the skeletal representation of the moving
pointa . b= =0 object. The description is of a very concise form which only specifies

{pointb } collinear withed = {c’ =0 [ (1) the sequence in which the given skeletal points should cross the

L o _ _ ~bottleneck. If such a description corresponds to a feasible object path,
Note that in Fig. 4 if rotation anglé corresponds to a pair of parallel line tha |ocal planner will generate a sequence of object configurations

segments ané — 6 has a problemé@ + 6 may or may not have an identical - o ) . .
problem. This is because the problem is resulted from the formulation, aﬂl?ng the path, each of minimum potential; otherwise, a failure will

the implementation, for the torque calculation instead of from the physics BE reported. In the latter case, the failure may also result from a
repulsion. violation of a predetermined safe margin.

Similarly, it can be shown that
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Let s;, 1 < i < N, denote the sequence of selected skeleton
points to cross the MDL while. denotes the line containing the
MDL. The local path begins whesr; reaches the MDL and ends
when sy leaves the MDL. The following algorithm developed for
the local planner performs path planning by sequentially ensuring
that as each skeleton point moves onto the MDL, it stay4 avhile
the location and orientation of the object is adjusted to minimize
the Newtonian potential using repulsive torquE) (and force F)
calculated with (13)—(15) and (17)—(19), respectively. Additional
skeleton points may be added (see algorithm) to reduce the step
size along the path, allowing for finer adjustments in the object
configuration to avoid collision. The total number of skeleton points
used directly determines the number of optimal object configurations
computed along the path and, thus, the computation time; therefore,
it is desirable to use as few skeleton points as possible. To restrict the
total amount of computation, a limit is put on the minimum spacing
smin between adjacent skeleton points used in the simulation, which
effectively serves as a feasibility test of the local plan. (Alternatively,
the minimum distance between object and obstacles can be used
directly to serve the same purpose.)

ALGORITHM LOCALPLAN:

Step 0: (Begin with the first skeleton point)
Initialize i = 1.

Step 1: (For this skeleton point, find the minimal potential object
configuration)

Shift the object parallel td. and rotate it with respect to

s; until T and the component & along L are both zero.
Step 2: (End when done with the last skeleton point)

If i = N, the local planning is completed.

Step 3: (Translate the next skeleton point onto MDL if possible)
Translate the object such that+ 1 is shifted to its pro-
jection onL. If there is no collision during the translation,
then leti — i + 1, and go to Step 1.

Step 4: (Translate an intermediate skeleton point onto the MDL)
Find the smallest > 1 such that; = s;+(s;+1—5,;)/2" (b)
can be shifted to its projection oh without collision Fig. 5. Local path planning results obtained by shifting the object skeleton
between the object and obstaclegsif— s;| > smin, then points to the MDL and finding the minimal Newtonian potential object
let s; — s}, and go to Step 1. configuration for each point constrained to lie on the MDL: (a) initial

conditions and (b) result.

Step 5: (End abnormally)

Exit with failure due to the need for less than allowed

spacing of skeleton points. function is spatially smooth, and maximal freedom is allowed in the

An object configuration obtained in Step 1 is not only collisionadjustment of the object configuration to achieve minimal potential.

free but also the safest with respect to the Newtonian potential und@g. 6 shows another local planning example. For both problems,
the constraint that the corresponding skeleton point stayk.@uch “min iS chosen to be 1% of the size of the corresponding MDL and
a minimal potential configuration always exists forlocated on the No additional skeleton points are needed in solving them; therefore,
MDL which connects two obstacles. (Situations involving multipléteps 4 and 5 dfOCAL_PLANare not executed. The simulation time
local minima will be discussed in the next subsection.) For tH€r the path planning takes less than half of a second for both of the
implementation of Step 1, the minimal potential configuration iBroblems on a Sun SPARCstation 20. In Figs. 7 and 8, the skeletons
identified efficiently by performing two binary searches: one for th#® Figs. 5 and 6 are represented with the least samples using the
object location usind® and the other for the object orientation usingNd Points of the connected line segments of the skeletons, which
T. The accuracies required for specifying the final object location a§@respond taV = 3 and N' = 4, respectively. Additional skeleton
orientation determine the number of iterations needed for solving thgMPles are added in generating the solution shown in Fig. 7(b) due
corresponding constrained optimization problems. For the simulatifh collisions during the translation associated with Step 3.
results presented, the minimal potential configurations are specified
to within 1% of the length of the MDL in location, and within oneA. The Connection of Object Configurations Along a Local Path
degree in orientation. In Steps 3 and 4, the swept volume of theln LOCAL_PLAN translations are used in Steps 3 and 4 to avoid
object due to the translation is checked for possible intersection witie connection problem (see Fig. 9) for optimal object configurations
all obstacle regions to detect a collision. obtained with Step 1. After an optimal configuration is found, the

Consider the L-shaped object shown in Fig. 5(a). The sequencepobper connection is established by translating the object while

its skeleton points to cross the MDL is shown with the first skeletavoiding any collision with obstacles. The configuration of translated
point located on the MDL. The path obtained wit®CAL_PLANis object is then used as the initial guess in the search for the next
safe and smooth, as shown in Fig. 5(b). This is because the potertjatimal object configuration. For the above examples, the allowed

(@)




734 IEEE TRANSACTIONS ON SYSTEMS, MAN, AND CYBERNETICS—PART B: CYBERNETICS, VOL. 28, NO. 5, OCTOBER 1998

@ @)

(b) (b)

Fig. 6. Another local planning example: (a) initial conditions and (b) resulEig. 8. A path planning example similar to Fig. 6 which uses only the feature
points of the object skeleton: (a) initial conditions and (b) result.

Fig. 9. The connection problem for optimal object configurations obtained
(@) independently for each skeleton point with Step 1, without executing Steps 3
and 4, ofLOCAL_PLAN It is not hard to verify that the two configurations
cannot be connected into a meaningful path.

rotation angle of an object right after a translation is always limited
within certain range of angular positions that the potential minimum,
so is the optimal configuration, is unique. In general, there may exist
several potential minima in the search space. For example, as the
distance between the obstacles in the above examples increases, there
will be no more constraint on the object rotation and the potential
function will have more than one local minima in the search space.
However, such a situation corresponds to a much easier problem
which may be resolved by some simpler findpath methods, and is not
the object of study in this paper.

On the other hand, there are situations when the existence of
multiple local minima in the potential function has to be taken into
account explicitly. For example consider the path planning problem
shown in Fig. 10. It is not hard to see that after the object is moved
(b) halfway across the first MDL, there are at least two local minima in

Fig. 7. A path planning example similar to Fig. 5 which uses only poim@e search space for the optimal object configuration. This is because

required to describe the piecewise linear object skeleton: (a) initial conditioR§her one of the two passages may be chosen for the continuation
and (b) result. of the object path near the end of the local path associated with the
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Fig. 10. An example showing the existence of two local minima in the search (@
space (one for each branch of the passages) for Steh@Q@AL_PLAN Only
one of the two passages is feasible for the object to move through.

first MDL. Additional global information has to be provided to the
local planner before an object path can be obtained correctly. (For
example, it is readily observable that only one of the two passages
is feasible for the object to move through.)

In general, global information required in generating and con-
necting local paths into a global path may include the following
descriptions of the latter.

i) The sequence of MDL'’s for which the local paths need to be

generated.

ii) The sequence of skeleton points to cross each of the MDL's.
While i) gives the global direction in which different free space
bottlenecks should be traversed by the object, ii) specifies the rough
orientation for the object to enter and to leave each of the bottleneck.
The latter is important if tight maneuvering around a bottleneck is
required for the associated local path. For example, the local planner
will fail to generate a solution for the problem shown in Fig. 7 if the
sequence of skeleton points to cross the MDL is given in the reverse
order. For cases when the object skeleton has multiple branch points, ()

i) will need to be obtained by considering only a subset of the objeEly. 11. A path planning example of generating a global path by connecting
skeleton. (For example, thraedial axisskeletal representation of thelocal paths generated ByOCAL_PLAN (a) initial conditions and (b) result.
object shown in Fig. 7, in fact, has three branch points.)

dlgeriving '_00”:_ i')l and ii) isl_ a? ir_nport(;a_nt issue r\]/vhilch must be For each MDL, the initial object configuration of the local path is
addressed Implicitly or exp icitly nordinary path p anning apyptained by pulling the leading skeleton point (LSP) of the specified
proache_s. In the following subsection, an example of geqeratmg uence of points toward the MDL while ensuring a) the LSP reaches
connecting a sequence of_Io_c_a_ll paths |nt0 a global one is preser}v; MDL before other skeleton points in the sequence, and b) the
to demonstrate other possibilities Of_ L_Jt'"z'ng the_ proposed pOtem!rfapulsive potential between object and obstacles is minimized. The
model to generat_ea}smo_oth anq collision-free object path. For brev‘&(!lling effect is achieved by reducing the perimeter of the triangle
the above descriptions i) and ii) of the global path are assumedot(g’[ermined by the two ends of the MDL and the LSP while ensuring

be givena priori. a collision-free object translation. For each fixed perimeter value, the
, . location of the LSP is constrained to lie on an ellipse whose foci are
B. Generating and Connecting a Sequence of Local Paths located at the two ends of the MDL while the Newtonian potential

Consider the path planning problem shown in Fig. 11(a). An lis minimized by letting the object reorient and relocate. If there are
shaped object is located at the lower left corner of the work space asttier skeleton points which are located closer to the MDL than the
its skeleton is represented with three skeleton poshtsSz, andSs. LSP, e.g., if they are located inside the above triangle, the object is
The goal is to move the object through MDUs, L., andLs, and pulled with a small distance to allow the object to reorient itself so
then letS; reachL, before other skeleton points. The four MDL'sthat the LSP will be the closest to the MDL. (Alternatively, without
are designated as dashed line segments. The sequence of sketatdng into account the repulsive potential, a rotation can be carried
points to crossL; are given asSi, Sz, and .S3 while the sequence out to change the orientation of the object to achieve the same goal
of points in the reverse order are used for and Ls. if the free space is wide enough.)
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In contrast toLOCAL_PLANwhere successive skeleton points areptimal configurations can be obtained with efficient search methods.
constrained to lie on the MDL, here the LSP is constrained to IBubsequently, an effective way of connecting these local paths into a
on ellipses with identical loci. At the end, as the LSP reaches tlgéobal path is also presented. According to the simulation results, not
MDL, the ellipse degenerates to a line segment, the MDL, and tbely can an object configuration obtained with proposed approach
initial object configuration for the associated local path is obtainedvoid obstacles with satisfactory margins, but the configurations
Fig. 11(b) shows the path planning results obtained by generatiolgtained along the path can be connected smoothly to generate a
and connecting the local paths generated YCAL_PLAN Special reasonable path.
case can be found in the connection of the two local paths aréund
and L; whereinSs reachesl; beforeS; leavesL.. In this case, the
planning of the local path arounbs is initiated while the planning
of the local path forL, is ended prematurely.
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