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Abstract. The present paper proposes a collision-free path plan-
ning algorithm in the task space based on virtual arms. The virtual
arm-has the same kinematic structure as the manipulator excapt
that its end-point is locatad on the joint or link of the manipulator.
Therefore the manipulator configurations can be represented by a
set of the end-points of the virtual arms and the path plaaning for
‘the multi-joint manipulator can be performed in the task space.
QOur method adopts a hisrarchical strategy which consists of the glo-
bal level, the intermediate level and the local level. The global lavel
plans the collision-free end-point path of the manipulator based on
the global information of the task spacs. The intermediate level
generates the subgoals for the virtual end-points based on their
current positions and the desired end-point path given by the global
level. - The local level then moves each end-point to the correspond-
ing subgoal avoiding the close obstacles based on-local information
around each virtual end-point. The effectiveness of the method is
verified by computer simulations using a planar manipulator with
redundant joint degrees of freedom.

INTRODUCTION

Planning a collision-free path is one of the fundamental
requirements for more versatile and autonomous manipulators.
The present paper discusses a collision-free path planning for
multi-joint manipulators with redundant joint degrees of freedom.

A common approach to this topic is the configuration space
approach[1]-[4]. The configuration space is a multi-dimensional
space spanned by a set of generalized coordinates which describe
the position and orientation of a rigid body. The advantage of using
the configuration space is that the position and orientation of a
manipulator are represented by a point in the configuration space,
and the obstacles are represented by forbidden regions. The plan-
ning problem is then reduced to moving the point representing the
manipulator configuration from the initial point to the goal point
without entering any of the forbidden regions.

For multi-joint manipulators, however, the configuration
space approach requires very complex geometric procedures to map
the obstacles represented in the task space into the joint space,
since the configuration space usually consists of the joint

coordinates of the manipulator. The larger the number of joint
degrees of freedom the manipulator has, the algorithms will ba com-
putationally more expensive. To solve the.lack of computationally
feasible implementation, saveral researchers have imposed the con-
straints on the task environments such as the shape of the obstacles,
or have used the approximated configuration space to reduce its
dimensioa{5}-[8].

On the other hand, motion planning for multi-joint manipula-
tors in the task space does not require to map the obstacles in the
task space into the manipulator's joint space. Therefore this

approach-can directly use the environment’s information measured
by cameras or sensors without any complex transformation, and
also does not depend on the number of manipulator’s joint degrees
of freedom. The motion planning in the task space, however,
requires to plan the motion of the whole arm as well as the end-
point motion of the manipulator, and therefore the relationship
between the manipulater and the obstacles have to be described in
only the task space.

A potential field method for multi-joint manipulators can per-
form the collision-free path planaing in the task space[9]-[12]. The
method uses artificial potential fields applied to the obstacles and
the goal point in the task space. The manipulator’s link are subject
to the positive potential fields which are placed around the obsta-
cles. Also, a negative potential field which acts on the manipulator's
end-point is placed at the goal point. From the sum of those poten-
tial fields, we can determine a collision-free path toward the goal
point. The advantages of the potential field method are the speed
of the algorithm and the easy extension to higher dimensions. How-
ever, since the method relies on the local information, it is very sus-
ceptible to local minima in the potential field. To overcome the
problem of the local minima, it is necessary to use global informa-
tion about the task environments.

In the present paper, we propose a new collision-free path
planning algorithm in the task space using a concept: of
the virtual arm. The virtual arm has the same kinematic structure
as the manipulator.which is called the actual arm, except that its
end-point is located on the joint or link of the manipulator[13]. Pro-
viding that the appropriate number of virtual arms are used, the
configuration of the actual arm can be represented by a set of the
end-points of the virtual arms. Then motion planning for redun-
dant manipulators can be considered in the task space,

. Our method adopts a hierarchical strategy which consists of
the global level, the intermediate lavel and the local level. Tha glo-
bal level plans the collision-free end-point path of the manipulator
based on the global information of the task space. The intermedi-
ate level generates the subgoals for the virtual end-points.. The local
level then moves each end-point to the corresponding subgoal
avoiding the close obstacles based on local information around each
virtual end-point. In this hierarchical scheme, the global and local
information can be selectively utilized according to the task situa-
tions.

-First we will formalize the kinematics of the virtual arms, and
then give a detail of the hierarchical collision-free path planning
algorithm. Finally, the effectiveness of the algorithm is verified by
computer simulations using a planar manipulator with redundant
joint degrees of freedom.

VIRTUAL ARMS AND ITS KINEMATICS
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Fig.1 Redundant manipulator

We consider a redundant manipulator having m joints and 3
Cartesian task coordinate system shown in Fig.1. Then the virtual
arm is defined as an arm, the end-point of which is located on a joint
or a link of the actual arm. Fig.2 shows an example of three virtual
arms for a four-link actual arm. The parameters of the virtual arm
such as the link length, joint angles and base position, are
equivalent to the actual arm. In general, we use n—1 virtual arms
and regard the actual arm as the n-th virtual arm. Using the
appropriate virtual arms, the configuration of the actual arnt can be
represented by a set of the end-points of the virtual arms in the task
space. Therefore, a collision-free path for the multi-joint manipula-
tor can be obtained through planning a collision-free path for each
virtual end-point. )

Let the end-point displacement vector of the i-th virtual arm
in the task coordinate be denoted as dX; = (dX;;,dXp, ", dX;)T
where lis the dimension of the task coordinate system. Let also the
joint displacement vector of the ‘actual arm be denoted as
df = (d8,,dd,,,d8,,)T where m is the dimension of the joint coor-
dinate system. For redundant manipulators, mislarger than . The
kinematic relationship between the end-point displacement vector
dX; of the i-th virtual arm and the joint displacement vector d6 of
the actual arm is given by

dXi = J;(!?}de (i = 1,2,"‘,“) N (1}
where J{8) € R™™ is the Jacobian matrix of the i-th virtual
arm{14].

Then we concatenate the Jacobian matrices to express the
kinematic relationships for all virtual arms simultaneously. The new
equation is given by

dX, = Jdo, {2)
where
X, A
dX, Jy
dXv = ’ s =1 - (3)
dX J,

dX,€R™ is a concatenated end-point displacement vector, and
J € R™*™ is 3 concatenated Jacobian matrix. Since the i -th vir-
tual arm contains the arms from.the first to the (i—1})-th one, the
matrix J has a systematic structure and can be easily computed.
Next, we discuss the inverse kinematics which transforms the
virtual end-point displacement vector dX, into the joint displace-
ment vector d8 . Let’s assume that the desired virtual end-point dis-
placement dX is obtained corresponding to the given task. Then,
we wish to solve the kinematic equation (2} for the joint displace-

z

{a} actual acm

{b) virtual arm

Fig.2 Virtual arms for a four-link planar manipulator

ment dé of the actual arm.
The optimal solution d@ is given by
8 = Jy(JTwr ) T wax;, {4
whare J, € R™™*? and J, € RP*™ give the maximum rank decompo-
sition of the concatenated Jacobian matrix J, i.e.,
Jy = J‘Jb » (5)
and both have the same rank as J; rankJ = rankJ, = rankJy=p.
Jf = JN5JH) " € R™*P is the pseudo inverse of Jy[15]. The

weighting matrix WER™™ in (4) is a nonsingular diagonal
matrix,

i)
i

(6)
which can assign order of priority to each virtual end-point accord-
ing to the task environment. Substituting (4) and (5) into (2), we
can also get the resulting virtual end-point displacement dX,

dx, = J (JTwr )" uTwdx;.

W= diag. [wy, w5 Wy, " Wape " Wt »

(7

~ Consequently, if the desired virtual end-point displacement X,
is given, we can obtain the optimal joint displacement d8 of the
actual arm. .In the following chapter, we propose a method of how
to find the desired virtual end-point displacement using global infor-
mation about the task envifonment and the local information
around each virtual end-point,

A HIERARCHICAL COLLISION-FREE PATH PLANNING

The collision-free path planaing algorithm presented here
consists of two parts. The first part is a global path planning of the
manipulator's end-point from its initial position to the goal position
using the global information about the task environment, which is

. performed before motion. The second part is a local motion plan-

ning of the whole manipulator to avoid any collision with the obsta-
cles during motion. Fig.3 shows a schematic representation of the
hierarchical collision-free path planning. The global level plans a
rough collision-free path qf the manipulator’s end-point, which has
a symbolic form, based on the global map of the task environment.
The intermediate level generates the subgoals for the virtual end-
points based on the symbolic representation of the collision-free
path given by the global level, and sends them to the local level as
numerical information. The local level then moves each virtual
end-point to the corresponding subgoal avoiding the obstacles
based on local information around each virtual end-point. By using
the hierarchical structure, the global and local information can be
selectively utilized according to the situations, and the algorithm of
each level can be written concisely. The algorithm of each level for
a planar manipulator is given in the following sections.



SYMBOLIC

The global level

A

dendlock s collison-frec path

The intermediate level

positions of

virtual arms subgoals

NUMERICAL The local level

Fig.3 The hierarchical structure for collision-
fras path planning

Global level
1. Region graph

First, the free-space in the task space is divided into soma
regions in order to plan rough trajectories of the actual end-point.
In the case of the planar task space, for example, the task space is
scanned by horizontal lines to detect upper and lower bounds of the
obstacles as shown in Fig.4. The lines which detect the bounds of
the obstacles are defined as boundaries between adjacent regions.
To avoid generating very narrow regions, a dangerous zone is set up
around each obstacle, which is regarded as a obstacle in the global
level.

Then, aregion graph is built from the divided regions as
shown in Fig.5.. Each node of the region graph represents a divided
region and is linked to its adjacent regions. Note that the
manipulator’s base is regarded as a obstacle and the corresponding
base region is denoted as region 0in the region graph.,

Each link in the region graph has a weightad value which is
given by the following computation{see Fig.6).

Step 1: Preliminaries

Set the region which includes the goal point as the reference
region, and the goal point as the reference point. In the case of
Fig.6, the region 2 is the reference region. Also the distance
from the reference region to the goal point is set to zero.

Step 2: Cowmputing the link weights

For each region adjacent to the reference region, find the
neighboring point on the boundary between the adjacent
‘region and the reference region, which is the closest point to
the reference point. When the reference region is region 2in
Fig.6, its adjacent regions are regions I, { and 5, and the
corresponding neighboring points are shown in the figure. The
link weights between the regions are defined by the distances
from the reference point to the corresponding neighboring
points. Also the distance between each adjacent region and
the goal point is given by a sum of the corresponding link
weight and the distance from the reference region to the goal
pomnt,

Step 3 : Updating the reference region

Stop when all link weights are computed. Otherwise, update
the reference region and the reference point, and then go to
Step 2. The new reference region is the closest one to the goal
point in all regions which have not become the reference
region yet, and its neighboring point is set to the new reference

1 29
2 + Gaal \9)3 ©
4 \ 5\ 5
T'Eim‘?a \/7"0

' 1 '\9 %@ g 10
11 13112 £
13 0

B Obstacle {1 Dangerous zoue

Fig.4 ‘Divided regionsin the task space

1
4
2 Goai-%»,m_'
P AT
Thm\8 O\ 6

@ Neighboring point

Fig.5 Avegiongraph  Fig.6 Computation of link weights

point. In the case of Fig.6, the referenca region is updated in
the order of regions 2, 4, Land 5.

Note that the link weights may be modified, when the region shape-
is concave such as region 5in Fig.6. In this case, we use a visibility
check which checks whether the neighboring point is visible from
the reference point or not. When the neighboring point is hidden by
the obstacles, the neighboring point is modified by searching the
shortest path to the adjacent region without entering the obstacles
as shown in Fig.6.

The region graph specifies no exact trajectories in the task
space, but gives rough trajectories which can pass through among
the obstacles. Therefore, any trajectory between two points in the
task space is symbolically represented by a sequence of regions.
Also, since the region graph does not depend on the manipulator
configurations, it is valid during motion as long as the obstacle loca-
tions don’t change.

2. Graph search for the desired path of the actual end-point

On the region graph, we can find the shortest paths from the
actual and virtual end-points to the goal region respectively. The
shortest path from the virtual end-point forms a part of the actual
end-point path to the goal region via the virtual end-point region.
That is, when the actual end-point has to step back on the region
graph due to the obstacles, it gives a roundabout path. The aigo-
rithm generating the desired path of the actual end-poiat is given by
the following steps(see Fig.4 and Fig.5, where three virtual arms are
used).
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Step 1: Finding the regionsincluding the actualarm
Find the regions which include the actual arm. la Fig.4, for
example, theyare (0,9,6,3,1).

Step 2: Searching the shortest path for each virtual end-point

On the region graph, find the shortest path from the region
including each virtual end-point to the goal region. This can
be easily performed using the A” algorithm which expands the
node with the shortest distance to the goal point[16]. In Fig.4,
for example, the resulting paths are (9, 8, 4, 2) for the first vir-
tual end-point, (3, 6, 5, 2) for the second virtual end-point, (3,
1, 2) for the third virtual end-point and (1, 2) for the fourth
virtual end-point, i.e., the actual end-point, respectively.

Step 3 : Feasibility check

Find the final arm postures on the region graph when the
actual end-point traces the paths given in Step 2. In the case
of Fig.4, we can get the final posture region sequences (0, 9, 8,
4, 2) for the first virtual arm, (0, 9, 6, 5, 2) for the second vir-
tual arm, (0, 9, 6, 3, 1, 2) for the third virtual arm and (0, 9, 6,
3, 1, 2) for the fourth virtual arm, respectively. Then compute
the distance from the manipulator’s base to the goal point
along the final posture region sequences. If the distance is less
than the length of the manipulator, the corresponding path is
regarded as a feasible one. In the case of Fig.4, the paths
corresponding to the first and second virtual arms are feasible,

Step 4 : Selscting the path
Among the feasible paths, select the path from the virtual
end-point nearest to the actual end-point, which means that
the moving distance is the shortest. In the case of Fig.4, the
path from the second virtual arm is selected.

Step 5 : Motion trajectory of the actual end-point
Combining the shortest path of Step 4 with the path from the
actual end-point to the corresponding virtual one gives the
desired path of the actual end-point. In the case of Fig4, itis
(1, 3.6, 5,2), which is the sum of (1,3, 6) and (6, 5, 2). Note
that the region &is the junction of two paths.

Since the method presented here is based on the region
graph, we can find the desired path as a symbolic form. Also, the
feasibility check diminishes the possibility that the manipulator’s
moticn happens to fall into a deadlock. Further, note that the path
search and the feasibility check for the virtual arms can be pei-
formed in a parallel way.

Intermediate level

In the intermediate level, the local subgoals are found using
the desired path specified in the global level for the virtual end-
points as well as the actual one. However, the subgoal for the virtual
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& Subgoal
O Modified subgoa

Fig.7 Subgoals for each virtual end-point
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arm is given only when the actual end-point has to step back on the
region graph due to the obstacles. The algorithm is given as
follows(see Fig.7).

(1) Find the nearest point from each end-point, which is on the
boundary line between the end-point region and the next region
in the global path sequence. The nearest pointis a subgoal. Ifit
is not visible from the corresponding end-point, the subgoal is
replaced by the visible corner of the obstacle. screening the
subgoal(see Fig.7). Whenever the nearest point becomes visible
during motion, the subgoal is again replaced by the nearest
point.

{2) For the virtual end-point which is located between the junction
-region and the base region, the subgoal is replaced by the adja-
cent virtual end-point near to the base. This is to accelerate 3
stepping back motion of the manipulator.

(3) The subgoal is updated when the each end-point reaches its
subgoal.

Local level

The local level plans the desired end-point displacements for
the actual and virtual arms based on the local information around
the end-points and the subgoals given in the intermediate level.
The manipulator is then moved according to the desired end-point
displacements while avoiding the obstacles. The dangerous zone
around the obstacle which was arranged in the global level is not
used in the local level. The algorithm in the Jocal level is given by
the following steps{13].

Step 1: Local search of the obstacles

Compute the positions, o,(k), of the obstacles within a
searched area around the end-point of the i-th arm and the
distance, d,,(k), between the obstacles and the i-th end-point,
where k denotes a number of the obstacles in the searched
area,

Step 2: Computation of the desired end-point displacement
step 2-1: direction vectors of motion

Compute the unit direction vector of obstacle avoidance
for each end-point, which is the sum of the vectors with
the opposite orientations to each obstacle and with the
amplitudes weighted by the reciprocal number of the
corresponding distance d (k) as shown in Fig.8. If there
are no obstacles in the searched area, set the direction
vector of obstacle avoidance to a zero vector. The virtual
arm without the subgoal is moved along the direction
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vector of obstacle avoidance. For the arm with the
subgoal, find the unit vector from the end-point tv the
subgoal. Then the motion direction, a;, of the arm is
given by a unit vector of the sum of the direction vector of
obstacle avoidance and the direction vector of the
subgoal.. Note that the virtual arm which has no subgoal
and no obstacles is excluded from the following steps.
This means that no constraint is imposed upon motions
of those virtual armis.

step 2-2: desired end-point displacements
Compute the desired end-point displacements for the i-th
‘arm, dX3, using
dX; =§0; (8)
§; = min{f{i),d}}, {9)
where d; is the shortest one of d,;(k) and f{i} is a mono-
tone increasing function which regulates the desired

end-point displacement of the virtual arm according to its
arm length.

Step 3: Computation of the weighting matrix W

Compute the weighting matrix Win (6) aécording to the shor-
test distance d; to the obstacles for the i-th arm. The
corresponding elements of Ware given by

k,
Wy ==y = {d,o}z (10)
oid.
for the virtual arm (i=1,2,",n~1), and
K,k
g
wn,l g e oy wn)! =X {d. }2 +“E; (11)
on

for the actual arm, where dg is the distance between the actual
end-point and the subgoal. &, and kj are positive constants. If
there are no obstacles in the searched area of the i-th arm, the
corresponding elements of Ware set to 1 for the virtual arms
and set to kg/Zig for the actual arm.

Step 4: Trajectory generation of the actual arm

From dX; and W in Step 2 and 3, compute the joint angle dis-
placement d§ of the actual arm and.the resulting end-point
displacement dX_ using (4) and (7).

Step 5: Feasibility check

Compute the position of each end-point from the displacement
dX, and check whether each end-point collides with the obsta-
cle or not. If the end-point of the i-th arm collides with the
obstacle, the corresponding elements , w; (j=1,2,"1) , of W
are set to kX w; ; and go to Step 4, where k, > 1 is a constant.
If there is no collision for all end-points, go to Step 1 and
repeat the procedure from Step 1 to Step 5 until the end-point
of the actual arm reaches the subgoal.

The hierarchical collision-free path planning method
presented here can be performed in only the task space and all com-
putations about the virtual arms can be performed in a parallel way.
Moreover when the manipulator has fallen into a deadlock during
motion, the global level can find the other desired end-point path,
because the algorithm hierarchically utilizes both the global infor~
mation about the task space and the local information around the
end-points.

COMPUTER SIMULATIONS

Computer simulations were catried out using a five link planar

manipulator, Fig.9 shows examples of the simulation results, where
nive virtual arms {n=10) are used. The virtual end-poiats are
-placed on the middle point of each link and on each joint. The
searched area of each end-point is a circle'with the radius of 12 cm.
Since each link length is 40 cm, the searched area of all end-points
can cover the whole arm. Therefore the relationships between the
whole arm and the obstacles can be represented by the virtual end-
points and the obstacles. In the local level, the actual arm is also
regarded as one of the obstacles in order to keep away from collid-
ing with its own links. The parametersin the locallevel are k, =500,
k,=800 and k=100; and the width of the dangerous zone around
each obstacleis12 em.

Fig.9 shows the task environments where the manipulator is
open to fall into a deadlock. If only the local search such as the
potantial field method is usad, the path planning will be miscarried,
On the other hand, since our algorithm can derive the path going
around the obstacles from the global information, the manipulator
is able to reach the goal point without falling into any deadlock.

Fig.10 shows a motion path where the manipulator happensd
to meet an unknown obstacles which was not included at the global
level. The actuai arni finds the obstacle when it reached the boun-
dary between region 2 and region § in Fig.9(a). Fig.10(a) shows
the path trajectory and the arm posture generated by our method.
It is possible to avoid the new obstacle using only the local informa-
tion. On the other hand, the manipulator has fallen into a deadlock
in Fig.10(b). However, the global level can derive a new path of the
actual end-point going around the obstacle based on the final pos-
turs of the manipulator and the new environment as shown in
Fig.10(¢).

CONCLUSION

In this paper, we proposed the hierarchical collision-free path
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Fig.9 Simulation results of the hierarchical collision-
free path planning
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planning method for redundant manipulators based on'the concept
of the virtual arms. The advantages of the method are as follows:

(1) Our methed can plan the collision-free path for the muiti-joint
manipulator in only the task space. Further, since the confi-
gurations of the manipulator are represented by a set of the
end-points of the virtual arms, the amount of computation does
not much depend on the number of the manipulator’s joint
degrees of freedom.

(2) Since the global and local information are selectively utilized,
our method is flexible for changes of the task environments.

(3) By searching the shortest path from each virtual arm, the global
level can derive the end-point’s paths going around the obsta-
cles, which lowers the possibility of falling into a deadlock.

(4) Computation about the virtual arms can be performed in a
parallef way.

We used a planar manipulator in this paper for simplicity.
Further research will be directed to apply the method to the 3D
path planning. Then we should use a plane scanning to divide the
task space into regions instead of a line scanning, and a sphere
searched area in the local level instead of a circle searched area.
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