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Abstract. Collision avoidance is the major concern for the multi-robots oper-
ation. However, few literatures can generate a collision free path as well as a
smooth motion profile at the same time. To solve this problem, this paper
presents an integrated motion planning scheme for two manipulators working in
a shared workspace. In this method, first, a collision free path is calculated in the
path planning phase. Then, the smooth trajectory is generated by using a
dynamic nonlinear filter. Both the path and the trajectory are calculated directly,
thus the computation load is low and the approach can be applied in a real-time
manner. Simulation results indicate that the proposed method is effective to
realize collision avoidance for industrial robots working in a common
workspace.
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1 Introduction

Factory automation has been widely increasing through the use of industrial robots.
Many industrial tasks are performed efficiently with the use of two manipulators sys-
tems, which increases productivity and reduces the amount of space needed in the
factory. These systems execute mainly two types of operations: one type is that all
manipulators cooperate for a given task, such as carrying an object; and another is that
each manipulator accomplishes its own task independently in a common workspace,
such as picking and placing. The basic requirement of fulfilling their tasks is that a
robot must be able to move from its start point to goal and avoid possible collisions.
A widely used technique is zone blocking method [1]: when one robot enters into the
common workspace, a flag is activated to prevent other robots from entering the
workspace. The method is not efficient because all robots can not work in the shared
space at the same time.

Being a key challenge of robotics and automation engineering, path planning to
avoid potential collisions has been studied extensively in the last two decades. Prob-
abilistic Road Map [2, 3] and Rapid Random Trees [4, 5], as well as all their variants,
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are the most popular. Because such algorithms avoid the hard problem of building
high-dimensional configuration space explicitly by sampling the configuration space.

The common characteristic of collision avoidance approaches in [2-5] is that
obstacles are static. Two important factors limit the direct application of these collision
avoidance approaches on robot coordination. The first factor is that a change in the
environment can invalidate the previously planned path. The second factor is that they
cannot respond to dynamic environment immediately. Hence, collision avoidance for
multi robots working in the shared space is more complex and need specially treated.

Afaghani et al. [6-8] proposed a method to avoid collisions using time scheduling
of the execution time of commands. If a collision were to occur, one robot could move
while the other robots should stop and wait. The goal, however, cannot reach if the path
is obstructed by other robots. To address this problem, Montafio A et al. [9, 10]
proposed a coordination method in discretized coordination space [11]. The coordi-
nation is achieved through adjustment of movements of each robot along its original
planned path. However, each robot must have information about the next movements
of the other robots. Cheng [12] proposed a method to achieve coordination by adjusting
the geometric paths of robots. Wang et al. [13] presents a collision avoidance method in
configuration space. To reduce the computation time, only the first three joints of the
robot are used for collision avoidance. Li et al. [14] presents a method tailored to path
planning problems in changing environments where many moving obstacles crowed
together. A roadmap is built using uniform random sampling method, and then A*
algorithm is arranged to search for a feasible path. The aim of research in [12—14] is to
find a collision-free path, which is a geometric representation of a plan to move from a
start to a target. Motion planning has to produce an executable trajectory for a robot,
and not merely a geometrical path. Chiddarwar and Babu [15] present a conflict free
coordinated path planning for multiple robots in configuration-time space. The coor-
dination strategy is moving to a safety position and waits there until conflict has been
resolved. The smoothness of motion is not considered. Vannoy et al. [16] introduces an
adaptive motion planning approach based on evolutionary computation. Although the
smoothness of motion can be guaranteed, the trajectory is generated though iterative
search process, which increases the calculation load.

This paper presents a dynamic motion planning for two industrial robots working in
a shared workspace. In this method, a collision free path is obtained in path planning
stage, and then the smooth trajectory is generated by employing a dynamic nonlinear
filter. Unlike motion planning in discretized configuration space described in Refs.
[13-15], the motion commands are generated by the dynamic nonlinear filter, which
produces a trajectory with continuous velocity. Compared with Ref. [16],the path and
trajectory are calculated directly instead of iteration, which decreases the computation
load significantly.

The rest of this paper is organized as follows: Sect. 2 proposes the collision
avoidance algorithm; Sect. 3 provides simulation results followed by the corresponding
analysis; the paper is concluded in Sect. 4.
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2 Dynamic Motion Planning for Robots with Collision
Avoidance

Figure 1 is Architecture of the proposed method. The approach comprises of two major
distinct phases, path planning and online trajectory generation. In path planning phase,
SSV technique is used to detect the collision. When collision will occur, a new path is
calculated immediately. In trajectory generation phase, a dynamic nonlinear filter is
used to generate the smooth trajectory for each robot.
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Fig. 1. Architecture of the proposed collision avoidance approach.
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2.1 Path Planning

Modelling the manipulator plays an important role in collision avoidance. The model
should be precise while being based on a simple mathematical representation for
preventing high calculation cost. In this paper, SSV [17] method is used to determine
detect collision. It is a safe and effective technique and easier to find the shortest
distance, because cylinders and spheres are used to approximate the actual robot
component geometry.

In SSV technique, each link is represented as a finite line S, which is spanned
through the two adjacent points P,, and P, |, as shown in Fig. 2(a). Besides, a radius
r, is introduced which is bigger than the maximum distance between the line and the

surface of the related robot component. As described above, S, can be described as

S:n(:u) :Pn+,u<Pn+1 _Pn> (1)

where p is a variable between 0 and 1.

Once the robot is modeled as shown in Fig. 2(b), the collision detection process
between the robots will be realized in Cartesian coordinates. The first two components
of robot are not considered because linkl is fixed and the movement range of link2 is

small. As current joint angles are obtained from robot controller, S, can be calculated
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using forward kinematics. As shown in Fig. 3, P, = (X,Y,Z) is a point on the link
Su(1,), P; = (U, V, W) is a point on the link S,,(1,,)

X :x11+ﬂ,1(xn+1 _xn)a Y :yrl+ﬂn(yn+l _yn)7 Z= Zn"‘ﬂn(ZnH _Zn)
U=x, +:um(xm+1 _xm)7 Vv ZYm+.Um()’m+1 _ym)7 W= Zm+/“‘m(zm+l _Zm)

(2)

The distance between P; and P; can be calculated as follows

d= ||Ple|| = \/f(:um:um) = \/(X - U)2 + (Y - V>2 + (Z - W)2 (3)
The minimal distance dp;, between two links can be obtained by solving

oo

= = 4
ow, O, 0 @)

It is necessary to replan path for two robots if only dp, is less than the safety
distance

dmin<rn+rm: safe (5)

For multiple robots path planning, prioritization scheme is a much more efficient
technique [18, 19]. In this paper, the priority for each robot is assigned as follows:

(1) When one robot is completing a more important task than another robot, it has a
higher priority;
(2) It has a higher priority if one robot is closer to its goal than another robot.
Figure 4 is an illustration of priority assignment. The priority of robot A is higher
than robot B. Robot A can move along its previous path if there is no collision after
robot B modifies its path. Otherwise both robots should modify their path to avoid
collision. The modification only has to be good enough for a short period before the
next cycle time since it will be corrected constantly. Based on this, a collision-free
position of end-effector in the next cycle time can be defined as fellows

Pin=P+1l1 (6)

where P, is the current position of end-effector. 1, from P;“i“ to P;“i", is the unit vector
of line segment PP™"P"", as shown in Fig. 3. P and P"" are the points on their
respective robot links with minimal distance to each other. [ is the distance between
P, o, and P;,and it should larger than the difference between dyin and dy.p.. Here, it is
assumed that [ = 1.5|d4fe — dmin|- It is assumed that the pose of end-effector at P, 5,
is the same as P,.
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Fig. 2. Modelling a robot using SSV. (a) Description of a single robot link. (b) Description of a
robot.

S, (1)

Fig. 3. Distance between two links.

robot A robot B robot A robot B

Fig. 4. An illustration of priority assignment. (a) Robot A holds a part. (b) Robot A is closer to
its goal point.

As a result, the new path is moving the robot from P; to goal Pgo, via P 4, as
shown in Fig. 5.
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previous path

Fig. 5. Illustration of path modification when collision occurs.

2.2 Online Trajectory Generation

As a collision free path is obtained in path planning phrase, the task of motion planning
is generating a smooth trajectory online while respecting drive limits. Online trajectory
generation methods must enable the path (re-)calculation during the robot motion in
order to avoid collision. This means that a robot moves along a path that has not
necessarily been computed completely, and which may change during the movement.
Instead of defining a function satisfying the desired conditions as [16], a dynamic
nonlinear filter is employed to generate a smooth motion profile [20]. This trajectory
generator is able to transform in real-time reference r(¢), received as input, in a smooth
output ¢(¢) which satisfies the following constraints:

|qk| < Vmax
|Qk| < Amax

()
The scheme of the trajectory generator is shown in Fig. 6. r(z) is the desired potion
of a path. At each interpolating period #, = kT, the variable structure controller C;
receives r(¢) and and the current values of position g, velocity i, and computes the
value of the control action u;. This control variable u; corresponds to the desired
acceleration, which must be integrated two times to obtain the position profile. The
integration is performed by means of a rectangular approximation for the velocity

Gr = q—1 + Tsuy (8)

while the trapezoidal approximation is used for the position

T . .
qk = qk—1+ ?(Qk‘i‘CIk—l) )

the control variable u; is computed at each interpolating period #; = kT as
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(10)

Uy = —ama sat(oy)

where ex = (qx — ¥x)/@max> €x = Gx/dmax are the normalized tracking errors for posi-
tion and velocity, z; and z; are the system state variables, floor(-) is the function
‘integer part’, sign(-) is the sign function, and saz(-) is a saturation function defined by

-1, x< —1
sat(x) = ¢ x, —1<x<1 (11)
+1, x> 1

More details about the controller C, can be found in [20]. When the reference r(¢)
is a step displacement, the output motion is perfectly equivalent to the trapezoidal
trajectory.

One obvious advantage of the proposed collision avoidance algorithm is the
smoothness of trajectory. Unlike motion planning in discretized configuration space as
[13-15], motion commands are generated by the dynamic nonlinear filter, which
produce a trajectory with continuous velocity. Another advantage of the proposed
collision avoidance algorithm is its low calculation. The collisionfree path and the
trajectory with smooth velocity profile are calculated directly rather than through an
iterative search [16].
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Fig. 6. Second order filter for online trajectory generator.

3 Simulation Validation

The proposed algorithm is evaluated using two KUKA robots (KR6R700), as shown
in Fig. 7. In this environment, two robots are fixed on a board, with a distance
between the central axes of the robots’ bases 900 mm. The global coordinate system is
located in the base of robot A. Each robot is controlled independently. The parameters
used in the simulation are list in Table 1. In detail, robot A, holding a workpiece,
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moves from P to P4, while robot B moves from Pg to P. Apparently, it is highly
possible that the collision of two manipulators occurs during the work process among
the workspace.

robot A robot B

~ shared

area

(b)

Fig. 7. Simulation system with two robots. (a) The snapshot of this simulation. (b) Initial and
target position of robot A and B.

Table 1. Collision avoidance parameters used in the simulation

Robot A Robot B
Initial position P (450, 0, 500) | Pp (582, =318, 500)
Target position P4 (0, =450, 500) | P (450, 0, 500)
Maximum joint velocity (rad/s) 1 1
Maximum joint acceleration (rad/s?) | 15 15

The trajectory of simulation is shown in Fig. 8. According to the proposed priority
assignment described in Sect. 2, the higher priority is given to A because it holds a
workpiece. The path of robot A may not be changed if there is no potential collision
possibility when path modification is performed for the robot B. As a result, the
trajectory of robot A is changed slightly, while the trajectory of robot B is changed
evidently. The distance between links is shown in Fig. 9. The motion profiles are
shown in Fig. 10. The acceleration and velocity changed immediately to avoid colli-
sion when the distance between link4 of robot A and link4 of robot B is less than safety
distance. It takes a little time to change movement direction of robot B. As a result, the
distance between link4 of robot A and link4 of robot B decreases in an acceptable range
even if it less than the safety distance. Though the movement of joint 6 has no influence
on collision avoidance, it is responsible for the pose of the end-effector, which is
adjusted when avoiding collisions. Because the collision-free path is planned locally in
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Fig. 8. Trajectory of simulation results.
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Fig. 9. Minimal distance. (a) Distance between link4 of robot A and link4 of robot B.
(b) Distance between link4 of robot A and link5 of robot B. (c) Distance between link5 of robot
A and link4 of robot B. (d) Distance between link5 of robot A and link5 of robot B.

time, there are still collisions in the nearly future. From Fig. 10, it is seen that the
velocity profile is smooth and continuous. Besides, both the velocity and acceleration

are under the constraint of maximum values.

Simulation results show that the presented method can realize collision avoidance
effectively for industrial robots working in a common workspace.
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Fig. 10. Motion profiles. (a) Joint velocity. (b) Joint acceleration.
4 Conclusion

In this paper, a real-time motion planning method is proposed to achieve collision
avoidance. With the proposed method, the path may not be changed for the robot with
higher priority while path modification is performed for the robot with lower priority if
there are some potential collision possibilities. Meanwhile, a second order dynamic
nonlinear filter is used to generate smooth trajectory regarding the drive constraints.
Simulation results indicate that the presented method can realize collision avoidance
effectively for industrial robots working in a common workspace. Furthermore, the
path as well as the trajectory is calculated directly, thus the computation load is low and
the approach can be applied in real time.
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