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Motion Level Modifications for Collision Avoidance of

Two Manipulators

L= SE ol =% gl B. ols A=
(F UEsolH Y & 35 A T2 -4
Z o Emr
(Bum Hee Lee)
L2 #

B =i F ol Eaiole o FE3dol td 2T AFAANE T YU ES FTAHeg o
2o}, AAREE 2EAL 3 2RES 2 geoe] 2539 SRA vle] AN ekl
K, vlg] Azl Az 5 HATL 4 d& Hfolrh, A HTE A8 A £/l afs)
= £ FE3ly A7 ofFol A

Abstract

This paper presents the recent findings for collision avoidance of two manipulators in terms of

motion level modifications.

The collision situation we assume here is that the prespecified final

time Kf and the prespecified path of one robot can be modified for the purpose of collision
avoidance with the other robot. The collision avoidance problem is resolved into three independent

categories for a systematic approach.

I. Introduction

Motion planning is composed of path planning
and trajectory planning of the robot system.
Collision-free motion planning is achieved through
collision-free path planning schemes. Most of the
path planning schemes concern the problem of
avoiding fixed and stationary obstacles in a work-
space. Due to the fixed and stationary obstacles,
the path planning problem is usually converted
to a geometric analysis problem for obtaining a
collision-free path.
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It is interesting to note that there are several
experimental works on obstacle avoidance.
Gouzenes [4] discussed collision avoidance of
manipulators in a flexible assembly cell, using
graph-search techniques and Petri nets. Myers
et al. [7] used a fast static collision check for
detecting potential collisions with obstacles. They
developed a heuristic method to determine a
collision-free path in a reasonable amount of
time and demonstrated an application on a VAX-
11/780 computer and a microcomputer. It is
comparable to the work done by Petrov [8].
Compared to conventional collision avoidance,
the collision avoidance problem for two man-
ipulators should be solved subject to the path
and trajectory information of the two mani-
pulators together.,
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Recently, Fortune et al. [1] developed an O
n® algorithm for independent but synchronized
motion of two Stanford arms. Tournassoud [9]
presented also a local method for collision
avoidance based on the existence of extreme
separating hyperplanes between two manipulators.
In particular, the collision avoidance problem
associated with two manipulators in a common
workspace can be found in Freund’s work [2,3].

In this paper we represent each robot by a
single sphere at the wrist. It is assumed that
each robot follows a straight line trajectory
faithfully which is provided by the algorithmic
straight line trajectory planner in Lee [6]. Thus,
each robot exactly follows a straight line path
at all the servo time periods, which is very
important in defining the robot speed in the
direction of the straight line path. It is also
assumed that no collisions occur at the initial
and final locations of the two robots and the
collisions are restricted to the wrist level of the
robot.

II. Problem Classifications

The method in obtaining a collision-free path
or trajectory may vary depending on various
collision situations especially when two robots
are moving on the straight line paths simultane-
ously. When two robots (we call them robot 1
and robot 2) are assumed to move on their
planned straight line paths with potential coll-
isions, various collision situations are identified
as follows:

1. Case 1: The final arrival time kg of robot 2
can be relaxed but its original path cannot
be changed for the purpose of collision
avoidance because the modification of
path may induce potential collisions with
other fixed obstacles.

. Case 2: The final arrival time k; of robot 2
can be relaxed and its original path can be
changed for the purpose of collision avoi-
dance.

. Case 3: The fianl arrival time ky of robot 2
cannot be relaxed but its original path can
be changed for the purpose of collision
avoidance.

. Case 4: The final arrival time kg of robot 2
cannot be relaxed and its original path
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cannot be changed for the purpose of
collision avoidance.

In case 1, we can only change the speed or
delay the motion of robot 2 along the original
path to avoid the collision. From now on, the
terminology collision will be used to denote the
terminology potential wrist collision. Since the
change of robot speed can only be accomplished
by modifying the trajectory information, a
procedure for a speed change needs to be
developed to obtain a collision-free trajectory
of robot 2. The delay of robot 2 motion can also
be utilized for the purpose of collision avoidance.
It then corresponds to the time coordinated,
independent motion of the two robots [5].

In case 2, collision-free motion planning can be
considered in the following categories with the
preplanned minimum time trajectory:

1. category 1: When speed reduction and/or
time delay of the robot 2 motion is applied
without any path modification;

. category 2: When only path modification
is applied;

. category 3: when path modfication with
speed reduction and/or time delay of the
robot 2 motion are applied simultaneously.

In category 1, a collision-free path can be found
exactly in the same way as in case 1. If a solution
from category 1 is not adequate because a fairly
large time delay is required or speed reduction is
not appropriate for the collision avoidance, then
we can consider a solution in categories 2 and 3.
In category 2, there are a variety of freedoms in
choosing a collision-free path. The choice of the
collision-free path depends on the environment
of the workspace and various user designated
performance indices. Sometimes, a solution in
category 2 corresponds to a solution in category
3 due to various reasons, for example, a robot
speed constraint, a path deviation constraint, etc.
Clearly, the unnecessary path deviation in
category 2 can be reduced by an appropriate
delay along a collision-free path.

In case 3, due to the fixed final arrival time kg,
there is no guarantee for another collision-free
path for robot 2 satisfying the final arrival time kf.
In case 4, the collision avoidance must be realized
by changing the path and/or trajectory of the
other moving robot.

As mentioned earlier, the results on the case 1
situation can be found in Lee [5], and the
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discussions on the case 3 and case 4 are not
practically applicable in reality. Here, we in-
vestigate the case 2 collision situation through
three independent categories.

IN. Collision Avoidance for Case 2

A collision-free path of robot 2 is considered
in the following categories: (1) when speed reduc-
tion or time delay is applied without any path
modification, (2) when only path modification is
applied without considering the trajectory infor-
mation of two robots, and (3) when path modific-
ation and speed reduction or time delay are
applied simultaneously.

1. Time Dealy

As indicated in Lee [5], time delay yields the
shorter final arrival time than speed reduction for
avoiding a potential collision. Thus, time delay is
preferred in this paper. If we denote the final
arrival time of robot 2 as kf for the original
trajectory, then the total traveling time after a
time delay will be:

k

=k.+Ak
TD f £

(D

where Akg is a required time delay for avoiding
a potential collision. If Akf is very small com-
pared to kf, then time delay of the original trajec-
tory provides us a good solution for the purpose of
collision avoidance. When Akf is fairly large, we
can consider a solution in categories (2) and (3).
Also, since two robots are working simultane-
ously in a common workspace, and their move-
ments are coordinated in a time sequence, there
is likely to be a constraint on the time delay of
the robot 2 motion.

2. Path Modification

First, we find a collision-free path which
deviates from the robot 1 path for at least a
distance of r; + 1, through a geometric
analysis, where r; and r, denote the radius of the
sphere model for each robot. The path is then
guaranteed for the collision avoidance with robot
1.

A collision situation is shown in Figure 1,
where robot 1 moves from A; to B;, while robot
2 moves from A, to B,. We assume that a poten-
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Fig.1. Collision avoidance by path modification.

tial collision exists between the two moving
robots. The following analysis indicates how to
choose a point C, such that the path from A, to
B, via C, deviates from the robot 1 path for at
least a distance of r; + rp, which guarantees the
collision avoidance.

We denote the nearest two points on the robot
1 and robot 2 path as K; (xKl, Yk1° ZK1) and
K, (sz’ YKa» Zkz)’ respectively, as shown in
Figure 1. It is notable that points A;,B, K;,
and K, are on the same plane which can be
constructed by A, B, and K; K,.

It is notable that the swept volume of a sphere
in the direction of a straight line forms a cylinder
capped with two semi-spheres at both ends.
Thus, for considering the distance of r; + 1,
between the two robots, we view the collision
situation between the cyclinder surface of
radius r; + rp in the direction of A;B; and the
robot 2 path. There are two intersection
points on the cylinder surface, we call them A and
B, at which the cylinder surface is perforated by
the robot 2 path.

To maintain the distance of r; + r, between
the robots, we consider the interesecting curve
between the cylinder surface and the plane which
is constructed by Kz_B—g and K;K, ~We call the
intersecting curve on the cylinder surface a
collision-free locus. The collision-free locus con-
necting A and B forms a part of an ellipse, which
is centered at K.

In order to obtain straight line segments which
approximate the collision-free locus, we construct
lines 2; and ¢, which lead separately from A, and
B, and are tangent to the ellipse. Consider two
points Q; and Q, in the direction of K; K,. We
denote their deviations from K; as d! and d2.
First, we obtain the location of Q; and Q, in
terms of d! and d2, respectively. Then, we find
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constraints on d! and d? to guarantee that the
distances between two straight line paths A; K,
and A,Q;, and B;K; and B,Q, are equal to
Iy +1,.

The locatilon of Q (le’le ’le) is obtained
interms of d° as:

— —

- - OK, - OK, \

0Q; = 0K, + d 2)
— —
Il OK, - OK, |

Since the value of d?! specifies the location of Qq,
we can represent the distance between two straight
line paths A; K; and A,Q; in terms of the devia-

tion d!. If we denote this distance as DS;,
then:
DS; =f; (1) (3)

where f; relates the distance between the paths
of A;K,; and A, Q; with the deviation d?.

To maintain the distance between the paths
A;K; and A,Q; for at least r; + r,, we must
have:

DS; =f, (A1) =1, +1, (4)
Here, we will consider the equality only to avoid
an unnecessary large deviation from K;. Then,
we can obtain a constraint on the deviation d*
as:

dl=f! (1, + 1p) (5)

Similarly, for the paths of B;K; and B,Q,,
we have a constraint on the deviation d? as:

a2 =13 (1 +12) (6)
where f, relates the distance between the paths
of B;K; and B,Q, with the deviation d2. The
location of Q; can be obtained from Eq. (2) by
using al of Eq. (5). Also, the location of Q,
can be obtained from Eq. (2) by substituting
d? of Eq. (6) for al. Using the locations of Q,
and Q,, the two straight lines 2; and £, in the
directions of A;Q; and B,Q, can be identified
easily. It is notable that £, and %, are on the
same plane which is constructed by m; and
K;K;:

Now, we consider the intersection point of
these two straight lines €, and £,. Apparently,
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the path from A, to B, via the intersection point,
which is denoted as C,, is a collision-free path in
category (2). To find the deviation of this path
from the original robot 2 path, the nearest point
on A,B,; from C,, which we call C,, is found
from a vector projection and addition as:

— —_ -

— — — =  B.C, (OA,-OB
0C, = OB, + (0A, -OB,) . =2 2_f _2> 2)
l0A,-0B, |2
N

Then the actual deviation of the collision-free
path from the original robot 2 path is found as:

t - 1106 - O
d*t =] 0C, - 0C, || (®

Note that no time delay of the robot 2 motion
is required for the path from A, to B; via C,
for the purpose of collision avoidance, while
Akf in Eq. (1) is required for the original robot
2 path. Of course the time of travel from A,
to B, via C; will exceed Kf.

3. Time Delay with Path Modification

We now consider a collision-free path by both
path modification and time delay. A path, which
deviates from C, for a distance of Ad, is con-
sidered. A point C21 can be found for the
deviation of Ad from C, as:

—_ -

—. —» 0C,-0C

0Cl =0C, +——=—"% . Ad 9)
—  —
loc,- 0C, i

’m_point_c% specifies the lengths of A2C§ and
C%Bz as Q} and Q%,, respectively, We now try
to use the collision map to determine the
required time delay for the purpose of collision
avoidance.

As discussed in Lee [5], two moving robots
have the potential for colliding with each other
under the original trajectory information, if
there is a range of collision lengths where the
path of robot 2 is within the colliding range of
a point on the path of robot 1. The union of
these collision lengths at the collection of servo
time instants determining the points on the path
of robot 1 can be drawn as a connected region.
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See Figure 2. More precisely, the collision length
at time K corresponds to all points on the path for
robot 2 that are within r; + r, of the point that
lies on the path or robot 1 at time K. If the
traveled length versus servo time curve for robot
2 (which is from robot 2 trajectory information)
touches or crosses the region, it indicates that a
potential collision of the wrists of robot 1 and
robot 2 exists. Details regarding the method to
obtain the collision maps can be found in Lee [5].
Considering Eq. (9), we have the corresponding
collision map as shown in Figure 3, where the
traveled length versus servo time curve oM! is
assumed to cross the collision region (bounding
box approximated region for convenience) for
the path A, - C} — B,. The required time
delay for avoiding the collision region can be
found from the trajectory information or calcu-
lated from the collision map roughly.

The traveled length versus servo time curve
OM? is a curve, which is obtained from oM! with
the required time delay for the path A, — ci -
Bg.

As mentioned earlier, the two robots are
moving simultaneously in a time-coordinated
sequence. Other objects may need to move close
to the initial location of robot 2. Thus, there
is likely to be a constraint on the time delay at
the initial location for avoiding the potential
collision. If the allowable time delay at the
initial location is denoted as Aka.llow’ we want to
obtain a collision-free path which does not violate
this constraint. It is notable that the path from
A, to B, via C, does not need any time delay for
the purpose of collision avoidance. Thus, this path
always meets the constraint on the time delay
at the expense of the deviation gact,

If Akg in Eq. (1) is smaller than or equal to
A K,jjow’ then the solution in category (1) will be
enough for the purpose of collision avoidance.
However, if A kg is larger than Akallow’ then time
delay on the original robot 2 path cannot be used
for the purpose of collision avoidance. In this
aspect, we want to find a collision-free path by
both path modification and time delay of the
robot 2 motion. Note, however, that although
the time delay we determine will be less than
A K jiow the total traveling time may be larger
than KTD in Eq. (1).

If the required time delay for a path between
A, B, and the path from A, to B, via C% exceeds
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Fig.3. Collision map with path modification.

Akallow’ then we can increase the path deviation
from the original robot 2 path. Otherwise, we can
decrease the path deviation from the original
robot 2 path. A bisection method between é;
and C, can be used to increase or to decrease the
path deviation depending on whether the
required time delay exceeds. Note that, since the
path from A, to B, via C, does not need any
time delay for the purpose of collision avoidance,
the existence of a collision-free path from the
bisection process is always guaranteed.

IV. Summary

The collision avoidance problem between two
manipulators was considered for the case 2
collision situation, where the original path and
trajectory of robot 2 can be modified for the
purpose of collision avoidance. The problem was
investigated through three different phases; time
delay, path modification, and time delay with
path modification. Together with the results in
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Lee [51, this paper will constitute a keystone in
collision avoidance planning of two manipulators.
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