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ABSTRACT It is a significant capability for multi-industrial robots to plan an optimal collision-free path
for both end-effectors and robotic arms. However, the path planning methods for co-worked multi-industrial
robots, especially for closely co-worked industrial robots is still very limited. In this paper, to tackle the
planning problem that has a specified distance constraint of end-effector in the context of complex collision
avoidance, a two stage path planning method is proposed for the co-worked double industrial robot. In this
two stage path planning method, the dual path planning with the distance constraint and the joint space
planning of double robots are integrated sequentially. For the first stage, an algorithm named random
sampling particle swarm optimization (RSPSO) is developed to plan the path for each end-effector, which
can plan an optimal collision-free path with the specified distance constraint. For the second stage, the joint
space planning that combines the inverse kinematics, D-H method and collision detection is performed to
find the angular displacements with collision avoidance for dual robotic arms. Two simulation examples and
an experiment are used to verify the proposed method.

INDEX TERMS Industrial robots, dual path planning, distance constraint, collision avoidance, joint space
planning.

I. INTRODUCTION
The work scenes of industrial robot are continuously
expanded since industrial robot has been widely used in
manufacturing industry. Some typical applications include
painting, welding, packaging and so on. A clear trend
towards industrial robots is that its capabilities are gradually
improving to accommodate the increasingly raised applica-
tion needs [1]. However, limited by its own capability, a single
robot often seems powerless in the context of complex task.
In contrast, multi-robot systems that consist of several single
robots, either heterogeneous or homogeneous, are competent
to accomplish complex tasks cooperatively [2]. It is therefore
attracted more and more attention for multi-robot systems
research.

The associate editor coordinating the review of this manuscript and
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As one of the core work to multi-robot system, path plan-
ning aims to find an optimal collision-free path for both
end-effectors and robotic arms. There are two types of plan-
ning task, workspace planning of end-effectors and joint
space planning of robotic arms, to be conducted in its path
planning. Besides, in either workspace planning or joint space
planning, collision avoidance including robot-obstacle and
inter-robot should be guaranteed primarily. For theworkspace
planning of end-effectors, a safety path from starting point
to target point needs to be found for the co-worked robots.
Since this type of planning task only involves end-effectors
[3], the end-effectors can be considered as several cooper-
ative mobile robots in some sense. Consequently, the path
planning methods of multi mobile robots can be used for the
path planning problem of end-effectors. For the path plan-
ning methods of multi mobile robots, it is generally divided
into two categories, roadmap-based method and tree-based
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method [4]. Some already developed roadmap-basedmethods
include multi-agent path finding method [5], M∗ algorithm
[6], sPRM [7], and so on. Additionally, some roadmap-based
methods of single robot, such as A∗ algorithm, PRM, can
also be directly used into multi robot simple planning prob-
lems [8]. Another tree-based method that finds the optimal
path through constructing a search tree has also been well
developed, and the famous tree-basedmethods for multi robot
are MA-RRT∗ [9], dRRT [10], etc. Most of roadmap-based
method and tree-based method are established on the basis of
sampling technique, which have been practically verified as
effective methods.

Once the workspace planning of end-effectors is com-
pleted, the joint space planning of robotic arms starts to
find the angles that can ensure the exact position and pose
for robot [11]. The direct joint space planning method is
to perform the inverse kinematics solving for the specified
path points, and then, the angular displacements of joints can
be obtained. Generally, before inverse kinematics solving,
the continuous path will be discretized into many waypoint.
Since this direct method requires solving inverse kinemat-
ics function repeatedly, it usually has a high computation
cost [12]. To alleviate the computational burden, the interpo-
lation technique is naturally applied into joint space planning.
The mature interpolation methods that have been widely used
in robot joint space planning are cubic polynomial interpola-
tion, quintic polynomial interpolation, B spline interpolation,
cubic Hermite interpolation [13]. However, the interpolation
methods are generally difficult to achieve the exactly tracking
for the specified path of end-effectors [14]. Moreover, some
recent attention also has been drawn to optimal trajectory
and collision avoidance. Liu et al. [15] proposed a time-
energy optimal trajectory planning method for collaborative
welding robot. Glorieux et al. [16] developed a non-linear
programming optimisation model that can optimise both the
robot trajectories and the multi-robot coordination. Shu et al.
[17] proposed a trajectory planning approach based on
rapidly-exploring random tree-star for robotic assembly of
lightweight structures. Chen and Song [18] presented a real-
time motion planning and control design of a robotic arm
for human-robot collaborative safety. Liu et al. [19] proposed
a trajectory optimization technique by gradient-based opti-
mization method, which can effectively optimize the robot
trajectory under various task constraints. Tang et al. [20]
presented a coevolution-based particle swarm optimization
method to cope with the multi-robot path planning issue.
Larsen and Kim [21] proposed a path planning strategy based
on evolutionary algorithms for cooperating industrial robots.

The already developed path planning methods are effective
and practical for supporting the operation of robots. However,
the path planning for co-workedmulti-industrial robots, espe-
cially for closely co-worked industrial robots, is still worth
and necessary to be developed. Zhou et al. [22] clearly stated
the reachable space of a single robot is not enough to cover the
entire workbench sometimes, which may need two or more

robots to finish the welding process, and the cooperative path
planning problem for the welding robot also has potential
for future research. The main challenge of the path planning
for co-worked multi-industrial robots comes from complex
collision avoidance and constraints of collaboration. The col-
lision avoidance of co-worked industrial robots includes not
only obstacle avoidance, but also avoidance of inter-robot
collision. On the other hand, during the operation process,
the closely co-worked industrial robots usually have speci-
fied constraints of collaboration, such as keeping unvarying
posture and keeping constant distance between effectors.
To tackle the problems of collision avoidance and specified
constraints, a two stage path planning method is proposed
for co-worked double industrial robots in this article. The
involved stages are the dual path planning with the distance
constraint and the joint space planning of double robots. In the
first stage, an algorithm named random sampling particle
swarm optimization (RSPSO) is developed to plan the path
of each end-effector. RSPSO employs PSO to generate the
feasible path of one end-effector, and then random sampling
will generate samples that are located on a spherical surface,
which used to generate the feasible path for another end-
effector. In the second stage, the joint space planning is
performed to find the angular displacements corresponding
to the path of end-effectors, and the D-H method, inverse
kinematics and collision detection are combined to achieve
the collision avoidance.

The rest of the article is organized as follows. Section II
analyses the problem. Section III gives the process of the
proposed method. In Section IV, two simulation examples
and an experiment are used to demonstrate the validity of the
proposed method. Finally, Section V concludes this work and
makes suggestions for future work.

II. PROBLEM STATEMENT
A. OVERALL PROBLEM ANALYSIS
There are lots of scenarios required the use of dual co-work
industrial robots in practical engineering, such as the instal-
lation of reducer shaft that needs sufficient stability during
installing operation, the heavy parts handling that cannot be
done by a single robot, etc. Taking the installation of reducer
shaft as an example, the path planning for co-worked double
industrial robots is illustrated by Fig. 1.
In Fig. 1, the shaft is moved from starting position to target

position by two robots R1 and R2. In this process, the end-
effector of the robot R1 moves from starting point S1 to
target point T1 along the path L1, while the end-effector of
the robot R2 moves from starting point S2 to target point T2
along the path L2. During the process of robot moving, the
distance of the path L1 to the path L2 is kept the constant d .
In addition, the shaft and the two robots do not collide with
the obstacles. Furthermore, when the end-effectors of two
robots travel along their respective paths, there should be no
collision between the robotic arms of two robots or between
the robotic arm and the obstacle. The path planning of this
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FIGURE 1. Diagrammatic sketch of path planning for co-worked double
industrial robots.

problem can be defined by

find L = {L1,L2}

min f = f1 + f2
s.t. |P1(i),P2(i)| = d,P1(i) ∈ L1,P2(i) ∈ L2

L1 ∩ 9 = ∅,L2 ∩ 9 = ∅,M ∩ 9 = ∅
R1 ∩ R2 = ∅,R1 ∩ 9 = ∅,R2 ∩ 9 = ∅ (1)

where, f1 and f2 are the distance of the path L1 and L2,
respectively. f represents the total distance.P1(i) andP2(i) are
the ith path point of path L1 and L2, respectively. d represents
the fixed distance, and 9 is the set of obstacles. M is the set
of shaft. R1 and R2 are the set of robotic arms of two robots,
respectively. The symbol ∅ means ‘empty set’. the symbol ∩
represents intersection. The symbol ∈ means ‘belong to’.
Actually, the path planning problem in equation (1) can

be divided into two parts. One is the path planning of the
end-effectors of two robots, and the other is the joint space
planning of robotic arms of two robots. Consequently, the
problem of equation (1) can be also divided into two prob-
lems, which is shown in equation (2) and equation (3).

find L = {L1,L2}

min f = f1 + f2
s.t. |P1(i),P2(i)| = d,P1(i) ∈ L1,P2(i) ∈ L2

L1 ∩ 9 = ∅,L2 ∩ 9 = ∅,M ∩ 9 = ∅ (2)

find θ =

{
θ1, θ2

}
s.t. PR1 ∈ L1,PR2 ∈ L2

R1 ∩ R2 = ∅,R1 ∩ 9 = ∅,R2 ∩ 9 = ∅ (3)

where, n is the number of the joints. θ =

{
θ1, θ2

}
is the

joint angle vector of two robots, in which θ1 and θ2 are the
joint angle vector of the first robot and the second robot,
respectively. The problem in equation (2) is used to find two
paths for the end-effectors of two robots, while the problem
in equation (3) is used to find the joint angles.

On the basis of the above analysis, the main differences
of path planning between co-worked double industrial robots

and the single industrial robot are analyzed as follows. Firstly,
for the path planning of co-worked double industrial robots,
the installation path needs to be planned for each indus-
trial robot, that is, it is necessary to plan two collision free
installation paths. Furthermore, in the process of the shaft
installation, the distance of the end-effectors of double indus-
trial robots is always fixed from the beginning grasping
the shaft until installing the shaft to the specified position,
and consequently, the path planning of co-worked double
industrial robots is a dual path planning problem under fixed
distance constraint. Secondly, the joint space planning is
different. For the joint space planning of co-worked double
industrial robots, not only the problem of obstacle avoidance
between each robot and obstacles needs to be taken into
account, but also the problem of obstacle avoidance between
two robots needs to be taken into account.

In this paper, a two stage path planning method is proposed
to solve this problem. The first stage is the path planning of
end-effectors for two robots, while the second stage is the
joint space planning for two robots.

B. FIRST STAGE PROBLEM ANALYSIS
The first stage is used to solve the problem in equation (2),
which is a dual path planning problem under distance con-
straint. The path planning problem in equation (2) can be
decomposed into the following two nested optimization prob-
lem.

min f1
s.t. P1(i) /∈ 9 (4)

min f2
s.t. |P1(i),P2(i)| = d

P2(i) /∈ 9,M /∈ 9 (5)

The optimization problem (4) is actually an obstacle avoid-
ance path planning problem of single industrial robot. The
method such as A∗ algorithm, RRT, PSO, etc., can be used to
solve the path planning problem of equation (4). PSO is sim-
ple and easy to implement, which has been widely used in the
path planning of the robot [23], [24]. The optimization prob-
lem (5) is an obstacle avoidance path planning problem under
the constraint of the known path. Fig. 2 shows the schematic
diagram of path planning under distance constraint.

Owing to the distance constraints, the path points of the
unknown path corresponding to that of the known path can
be only taken from a spherical surface. This spherical surface
takes the path point of the known path as the centre and
takes the fix distance as the radius. As shown in Fig. 2, P1(i)
and P1(i − 1) are two adjacent path points of the known
path. P2(i − 1) that corresponds to P1(i − 1), is an obtained
path point of the unknown path. A, B, C and D are four
points located on the spherical surface. For the next path point
P2(i), these four points all satisfy the requirement of distance
constraint. However, A is inside the obstacles, while the next
connect line of B and P1(i) passes through the obstacles.
That means both A and B do not meet the collision-free
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FIGURE 2. Schematic diagram of path planning under distance constraint.

constraint, and thus A and B cannot be taken as the path
point P2(i). For C and D, neither of these points is in the
obstacles, and the connect line from C or D to P1(i) does
not pass through the obstacles. Thus, C and D are both the
feasible point which can be taken as P2(i). However, the path
length via P2(i− 1), D and target point T2 is larger than that
via P2(i− 1), C and target point T2, that is, |P2(i− 1),D| +

|D,T2| > |P2(i− 1),C| + |C,T2|. As a result, C is better
than D as the path point P2(i). On the spherical surface,
once there is a feasible point, there will be a path point P2(i)
corresponding to P1(i), that is, it always be found a feasible
path under the distance constraint of the known path. It should
be pointed out that, for a very special case (all the points on
the spherical surface are the same as the condition of point
A or B, that is, there is no feasible point for P2(i)), there
is no feasible path satisfying the distance constraint of the
known path.

Through the above analysis, PSO and random sampling
(RS) are used to solve the two nested optimization problem.
On the basis of this, a dual path planning method based
on RSPSO is proposed for the path planning of co-worked
double industrial robots.

C. SENCOND STAGE PROBLEM ANALYSIS
The second stage is used to solve the problem in equation
(3) which is a collision-free joint space planning problem
of robotic arms. In this stage, collision avoidance including
robot-obstacle and inter-robot should be guaranteed. The
inverse kinematics solution is used to the problems of angular
displacements, and the infeasible solutions of angular dis-
placements are removed by collision detection.

Through the first stage, the position of end-effector of
co-worked double robots is determined. The positions of
end-effectors are the corresponding path points of two paths
obtained by first stage. The posture needs to be determined
according to the collaborative task. Then, the inverse kine-
matics solution is used to solve the joint angles. The position
of the robotic arms will be calculated by the forward kinemat-
ics solution according to the joint angles. Then, the collision

detection can be performed to determine whether the joint
angles are the feasible solutions. The dual paths planned by
the first stage are feasible only when the feasible joint angles
are existed.

The collision detection criterion is that the distance
between the robotic arms and between the robotic arm and the
obstacle is larger than the allowable minimum distance. The
specific collision detection method can be found in Step 5 of
part B of Section III.

III. TWO STAGE PATH PLANNING METHOD
In the proposed two stage path planning method, the first
stage is dual path planning with the distance constraint,
in which RS is nested into the particle swarm optimization
(PSO) algorithm to find the optimal dual paths of end-
effectors. The second stage is the joint space planning, which
takes the D-Hmethod, inverse kinematics and collision detec-
tion together to plan a collision free path for the co-worked
robotic arms corresponding to the dual path. For this proposed
method, the key contribution is that a RSPSO algorithm is
proposed for the first time to complete the collision-free
dual path planning with the distance constraint for the end-
effectors of co-worked double robots. The previous studies
on the path planning for the co-worked robots pay more
attention to the situation of no distance constraint between
robot end-effectors (that is, the situation of that end-effector
of each robot performs its own working task.) [20], [21].
For the situation of the path planning under the distance
constraint, the planningmethod based onCoordinated Couple
Motion (CCM) [25] is a common method to be used to
get the dual path for co-worked robots in. The differences
of the proposed RSPSO algorithm from the common dual
path planning method is as follows: after obtaining the first
path, the proposed RSPSO algorithm adopts RS to obtain
the second path, while the CCM planning method adopts the
method of moving a fixed distance based on the first path to
obtain the second path.

The flowchart of the proposed two stage path planning
method is shown in Fig. 3. The proposed two stage path
planning method mainly contains initial setup, planning of
the first stage and planning of the second stage. For the
initial setup, it mainly conducts a preliminary analysis for
the working environment to avoid the infeasible work areas.
In this step, the path can be planned into multiple parts.
Furthermore, the key parameters including the starting point,
target point, and allowable spatial scope of each part need to
be determined. This situation can refer to the path planning of
installation of reducer shaft in Section IV. Then, the planning
of the first stage and the planning of the second stage are
performed.When the collision-free dual path of end-effectors
and the collision-free joint angles of robotic arms are both
existed, the path planning will end. Otherwise, the initial
setup needs to be updated, and the new path planning will be
executed. The details of the first stage and the second stage
are explained in the following sections.
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FIGURE 3. Flowchart of the proposed two stage path planning method.

A. DUAL PATH PLANNING WITH THE
DISTANCE CONSTRAINT
The main idea of RSPSO is that the PSO is used to find a path
for one end-effector, and then based on this generated path,
the samples that produced on a spherical surface are used to
find the optimal path for another end-effector. The reason of
sampling on the spherical surface is that the radius of sphere
is specified as the distance of the co-worked end-effectors,
which can guarantee the distance constraint in actual opera-
tion process. The flowchart of dual path planning based on
RSPSO is shown by Fig. 4.

FIGURE 4. Flowchart of the RSPSO algorithm.

The dual path planning based on RSPSO is consists of
two parts. One part is the planning of path L1 by PSO.
Another part is the planning of the path L2 under the distance
constraint. PSO algorithm is the main body of the proposed
method. When PSO algorithm is used to plan the path L1, one
particle represents one path. RS is integrated into the PSO
algorithm, which is from Step 6 to Step 11 shown by Fig. 4.
The specific steps of the proposed method are described as
below.

Step 1: Initialization
Firstly, the relevant parameters about the path planning,

which mainly contain the starting point and the target point
of two robots, as well as the workspace, need to be estab-
lished according to the practical operation conditions. These
relevant parameters can be expressed by:

R1: S1 =

(
x0S1, y

0
S1, z

0
S1

)
,T1 =

(
x0T1, y

0
T1, z

0
T1

)
R2: S2 =

(
x0S2, y

0
S2, z

0
S2

)
,T2 =

(
x0T2, y

0
T2, z

0
T2

)
Workspace : W = [Wmin;Wmax]

where,Wmin = (xmin, ymin, zmin)

Wmax = (xmax, ymax, zmax)

(6)

In equation (6), [x, y, z] denotes the coordinates in the
world coordinate system.

Secondly, the initial values of PSO solving need to be set
up. The initial step is set as k1 = 0. The initial speed of the
particle updating is set as V0

= [V 0
x ,V 0

y ,V 0
z ], which is the

preset initial value of particle updating speed corresponding
to equation (18), where V 0

x , V
0
y and V 0

z are the initial speed
in X, Y, Z direction, respectively. Generate the initial posi-
tion control point of particles between starting point S1 and
target point T1. The initial position of the control point is
defined by:

W0
=

[
W0

1,W
0
2, . . . ,W

0
m

]
(7)

where W0
i (i = 1, 2, . . . ,m) is the initial position con-

trol point of the ith particle, and m is the particle swarm
size. Besides, W0

i =
[
C0
1 ,C0

2 , . . . ,C0
n
]T
, where C0

j (j =

1, 2, . . . , n) is the coordinates of the jth initial position control
point, n is the number of position control points of each
particle, and the superscript T represents transposition.

Step 2: Interpolation
The particles of the current iteration are obtained by

B-spline interpolation. The B-spline interpolation equation is
as follows:

B(u) =

n+1∑
i=0

Ck1
i
Ni,j(u) (8)

where, Ck1
i

is the ith position control point of the k1th iter-
ation, Ck1

0
= S1 and Ck1

n+1
= T1. u is the node vector, and

Ni,j(u) is the jth order basis function.
Ni,0(u) =

{
1, ui ≤ u < ui+1

0, else

Ni,p(u)=
u− ui

ui+p − ui
Ni,p−1(u)+

ui+p+1 − u
ui+p+1−ui+1

Ni+1,p−1(u)

(9)

Step 3: Collision detection for L1
This step is mainly used to judge whether the path L1

collides with an obstacle. The obstacle model is constructed
according to actual environment. The feasible particles by
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step 2 are obtained by collision detection. The basic detection
criteria are {

P1,i ∈ 9, i = 1, 2, . . . ,m,Yes
P1,i /∈ 9, i = 1, 2, . . . ,m,No

(10)

When one or some path point exited on the path belong
to the set of the obstacle, the collision will occur, and this
particle is an infeasible path. Otherwise, the particle is a
feasible path.

Step 4: Fitness calculation
The fitness function is an important index to evaluate path

quality. The fitness function is defined by

f1,j =

N∑
i=0

∣∣P1,i,P1,i+1
∣∣ (11)

where, f1,j is the path length of the jth particle, the subscript
1 represent the path L1, N is the number of path point, P0 is
the starting point of robot R1 (that is, P1,0 = S1), and PN+1
is the target point of robot R1 (that is, P1,N+1 = T1).
Step 5: Optimal path acquisition
The fitness values of all particles are compared. The parti-

cle corresponding to the minimum fitness value is the optimal
path in current iteration. The optimal particle is recorded as
L1,k1 , while the minimum fitness value is recorded as f1,k1 .
The minimum fitness value is passed to Step 12. The path
point of path L1 is passed to Step 6.
Step 6: Path point extraction
The initial values are set as k2 = 1. Then, the k2th path

point of path L1 is extracted, which is recorded asP1,k2 . At the
same time, the initial distance of path L2 is set as f 02,k1 = 0.
Step 7: Coordinate system establishment
Due to the distance constraints, the path point P2,k2 of path

L2 corresponding to the point P1,k2 of path L1 can be only
taken from the sphere with point P1,k2 as the centre and the
distance d as the radius. Consequently, a local coordinate sys-
tem needs to be established to perform the random sampling
in order to obtain the path point of the path L2 corresponding
to the point P1,k2 . The schematic diagram of path solution
under distance constraint is shown in Fig. 5.
In Fig. 5, the XYZ coordinate system is the global coordi-

nate system, while X′ Y′ Z′ coordinate system is the local
coordinate system. The direction of coordinate axis is the
same as the global coordinate system XYZ. The P1,k2 is the
k2th point of the path L1, which is also the original point of X′

Y′ Z′ coordinate system. The coordinate of P2,k2 is given by
x2,k2 = x ′

2,k2 + x1,k2
y2,k2 = y′2,k2 + y1,k2
z2,k2 = z′2,k2 + z1,k2

(12)

where, (x1,k2 , y1,k2 , z1,k2 ) is the global coordinate of
the point P1,k2 , (x2,k2 , y2,k2 , z2,k2 ) is the global coordinate
of the point P2,k2 , (x

′

2,k2
, y′2,k2 , z

′

2,k2
) is the local coordinate

of the point P2,k2 , and the possible local coordinate can be

FIGURE 5. Schematic diagram of path solution under distance constraint.

calculate by 
x ′

2,k2 = d sin θ cosϕ

y′2,k2 = d sin θ sinϕ

z′2,k2 = d cos θ

(13)

where, d is the constraint distance between path L1 and
path L2. θ and ϕ are the sampling parameters, which are
the angle with the local coordinate axis (see Fig. 5). The
maximum range of these two parameters are θ ∈ [0, π] and
ϕ ∈ [0, 2π ], and the practical range can be defined according
to the practical engineering in order to reduce the time cost
of path planning.

Step 8: Random sampling
The parameters θ and ϕ are obtained by random sam-

pling within the value range. Here, Latin hypercube sampling
(LHS) is used to solve the samples. Then, the samples of
the point P2,k2 in the global coordinate system are calculated
according to equation (12) and equation (13).

Step 9: Collision detection for L2
This step is mainly used to judge whether the path points

obtained by RS is feasible. Therefore, the collision detec-
tion needs to be performed for the path points by step 8.
In addition, considering the size of the object moved by
robots, the collision detection of the object also need to be
performed. Only when both the path points and the object
do not collide with the obstacles, the path points by RS can
be considered to be feasible for path L2. That is, there are
two collision problems to be considered in this step. One is
the collision problem of the path point P2,k2 , another is the
collision problem of the object moved by robots.

For the path points by RS, the collision detection can be
performed according to Step 3. For the object, the basic
detection principle of this problem is that the straight line
from the path pointP2,k2 toP1,k2 is outside the obstacle space.
Furthermore, if the grasping position of the robot is not at
the endpoint of the object, line segment from the endpoint of
the object to the path point also need to be placed outside the
obstacle space. The specific detection method can refer to the
Part A of Section IV.
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When the feasible sample points do not exist, that is, for
the very special case mentioned in Section II, the feasible
path L2,k1 corresponding to the path L1,k1 do not exist. In this
condition, it can go to Step 1 to restart the process of the path
planning by generating the new initial position control point.

Step 10: Distance calculation
The distances of the feasible samples to the last point

P2,k2−1 and the target point T2 can be calculated by
f 12,k2 =

∣∣P2,k2−1,Samples
∣∣

f 22,k2 = |T2,Samples|

f ′

2,k2 = f 12,k2 + f 22,k2

(14)

The sample point corresponding to the minimum f ′

2,k2
is

taken as the point P2,k2 . The distance of path L2 is{
f2,k1 = f k2−1

2,k1
+ f 12,k2 , k2 < Npoint

f2,k1 = f k2−1
2,k1

+ min f ′

2,k2 , k2 = Npoint
(15)

where, Npoint is the point number of the path L1.
Step 11: Convergence checking
The convergence criterion of the path solving under dis-

tance constraint is set as

k2 > Npoint (16)

When the convergence criterion is satisfied, the path
solving under distance constraint will stop. Otherwise, let
k2 = k2 + 1, and go to Step 7.
Step 12: Global convergence checking
The global convergence criterion is set as follows:

k1 > Niter or
∣∣fk1 − fk1−1

∣∣ < ε,Nε > [Nε] (17)

where, Niter is the maximum iteration time. fk1 is the sum
of paths L1 and L2, that is, fk1 = f1,k1 + f2,k1 . ε is the
convergence precision. Nε is the minimum iteration times of
satisfied convergence precision, and [Nε] is a predetermined
minimum iteration times of satisfied convergence precision.
When the convergence criterion is satisfied, the whole

solving process will stop. Otherwise, let k1 = k1 + 1, and
go to Step 13.
Step 13: Particle speed updating
The updating principle of particle speed is as follows:

Vk1
i = ωVk1−1

i + c1r1(W
k1−1
i,best − Wk1−1

i )
+c2r2(W

k1−1
g,best − Wk1−1

i )

if Vk1
i > Vmax, then V

k1
i = Vmax

elseif Vk1
i < Vmin, then V

k1
i = Vmin

else Vk1
i = Vk1

i

(18)

where Wk1−1
i,best is the optimal position of ith particle, Xk1−1

g,best
is the global optimal position of all the particles, c1 and c2
are the learning factor of particle, ω is the inertia weight, r1
and r2 are the random number within 0 and 1. Vmin and Vmax
are the permissive minimum and maximum of particle speed
updating. The updating principle of individual and global

optimal position is shown in equation (19) and equation (20),
respectively.

Wk1
i,best =

Wk1
i,best , f

(
Wk1

i,best

)
≤ f

(
Wk1−1

i,best

)
Wk1−1

i,best , f
(
Wk1

i,best

)
> f

(
Wk1−1

i,best

) (19)

Wk1
g,best =

Wk1
g,best , f

(
Wk1

g,best

)
≤ f

(
Wk1−1

g,best

)
Wk1−1

g,best , f
(
Wk1

g,best

)
> f

(
Wk1−1

g,best

) (20)

where, f is the fitness function by Step 4.
Step 14: Particle position updating
The updating principle of particle position is as follows

Wk1
i = Wk1−1

i + Vk1
i

ifWk1
i > Wmax, thenW

k1
i = Wmax

else ifWk1
i < Wmin, thenW

k1
i = Wmin

elseWk1
i = Wk1

i

(21)

Then go to Step 2, and continue to solve iteratively until
the convergence criterion of Step 12 is satisfied.

B. JOINT SPACE PLANNING OF CO-WORKED DOUBLE
INDUSTRIAL ROBOTS
The joint space planning is performed after two paths are
obtained. The flowchart of joint space planning of co-worked
double industrial robots is shown in Fig. 6.

FIGURE 6. Flowchart of joint space planning of co-worked double
industrial robots.

Step 1: D-H parameters definition
According to the joint coordinate system, D-H parameters

of the robot R1 and R2 can be given by
[
θ ij , α

i
j, a

i
j, d

i
j

]
, where

the superscript i (i = 1, 2) represents the robot, θ ij is the angle
between x ij−1 and x ij axes measured about zij axis, αij is the
angle between zij and z

i
j+1 axes measured about x ij axis, a

i
j is

the distance from zij to z
i
j+1 axes measured along x ij axis and
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d ij is the distance from x ij−1 to x
i
j axes measured along zij axis.

αij, a
i
j, d

i
j are the constant value, while θ ij is the variable.

Step 2: Transformation matrix construction
Using D-H parameters, the transformation matrix of the

two adjacent joints for the ith robot can be expressed as

j−1
jTi

=


cos θ ij − sin θ ij 0 aj−1

sin θ ij cosαij−1 cos θ ij cosαij−1 − sinαij−1 −d ij sinαij−1

sin θ ij sinαij−1 cos θ ij sinαij−1 cosαij−1 d ij cosαij−1
0 0 0 1


(22)

The transformation matrix of the ith robot from the base
frame to the end-effector is obtained by multiplying all of the
joints matrices, which is given by

0
nTi =

0
1Ti

1
2Ti . . .

n−1
n Ti (23)

where, n is the number of the joints. Step 3: End-effector
position and posture determination Extracting the kth path
points of path L1 and L2, which are recorded as P1,k and P2,k .
Determinate the position and orientation of the end-effector
with respect to the kth path point for two robots, respectively.
The initial value of k is 0, that is, the initial path point is
the starting point. The posture can be given according to the
grasping task of the robot end-effectors. The position and
posture of the end-effector of the co-worked multi-industrial
robots at the kth path point is recorded as

gi,k (θ i) =


nik−x oik−x aik−x pik−x
nik−y oik−y aik−y pik−y
nik−z oik−z aik−z pik−z
0 0 0 1

 (24)

where, the subscript i stands for the ith robot, and the
subscript k stands for the kth path point. The matrix
[nik−x , nik−y, nik−z; oik−x , oik−y, oik−z; aik−x , aik−y, aik−z]
stands for the posture of the end-effector of the ith robot at
the kth path point. The vector [pik−x , pik−y, pik−z] stands for
the coordinate value of the end-effector of the ith robot at the
kth path point, which is the position of the ith robot at the kth
path point.

Step 4: Inverse kinematics solution
There are mainly two types of inverse kinematics solu-

tion techniques, namely analytical and numerical. Normally,
when the robot satisfies the Pieper criteria, the analytical
method can be used to perform the inverse kinematics solu-
tion. In analytical solution technique, the joint angle can be
solved by[

0
j Ti

]−1
0
nTi =

i
i+1Ti . . .

n−1
n Ti

where, 0i Ti =
0
1Ti . . .

i−1
i Ti, i = 1, 2, . . . , n− 1. (25)

Through equation (25), the angle of the jth joint for the ith
robot can be obtained.

Step 5: Collision detection
For the co-worked double industrial robots, the collision

detection contains two parts. One is the collision detection
between each robot and obstacles, and the other is the colli-
sion detection between two robots. The detection principles
of these two conditions are shown in Fig. 7 and Fig. 8,
respectively.

FIGURE 7. Collision detection between robotic arm and obstacle.

FIGURE 8. Collision detection between robotic arms.

In Fig. 7 and Fig. 8, the robotic arm is enveloped into
a cylinder. For the condition of collision detection between
robotic arm and obstacle, the detection principle is that the
minimum distance from the cylinder axis to the obstacle is
larger than the cylinder radius, which can be defined by{

dmin > r, No collision
dmin ≤ r, Collision

(26)

where, dmin is the minimum distance from the axis
of the envelope cylinder to the obstacle, and r is the radius of
the envelope cylinder. It should be noted that, the shape of
the obstacle in Fig. 7 just is a schematic shape, which can
be enveloped into different shapes (such as cuboid, sphere
and ellipsoid) according to the actual shape of real obstacle.
For the obstacles with different enveloped shapes, the solving
equation of dmin is also different, which can refer to Ref. [26],
[27], and [28].
For the condition of collision detection between robotic

arms, the detection principle is that the common vertical line
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between two axes is larger than the sum of the radius of two
cylinders, which can be defined by{

dV > r1 + r2, No collision
dV ≤ r1 + r2, Collision

(27)

where, dV is the distance of the common vertical line between
two axes. r1 and r2 are the radius of two envelope cylinder,
respectively.

The specific location of each joint of the robotic arm cor-
responding to each inverse solution can be obtained by using
the forward kinematics solution. Then the collision detection
under the specific location is performed. The collision-free
inverse solution will be retained as a feasible solution. Once
the collision detections are completed for all the inverse
solutions, all the feasible inverse solution will be given.

Step 6: Current joint space selection
From all the feasible inverse solutions obtained by Step 5,

the optimal solution is selected as the current joint space with
respect to the kth path point. The selection principle is mini-
mum total rotation of each joint, which can be expressed by

J = min
n∑
j=1

θ ij (28)

Step 7: Convergence checking
The convergence criterion is that the joint space with

respect to all the path point containing the starting point and
the target point. Consequently, the convergence condition is
as follows

k > Npoint + 1 (29)

When the convergence criterion is satisfied, the joint space
planning will be stop. Otherwise, let k = k+1, and update the
path point. Then go to Step 3, the joint space planning with
respect to the next path point will be performed.

IV. EXAMPLE VALIDATION
A. CASE STUDY OF DUAL PATH PLANNING WITH THE
DISTANCE CONSTRAINT
In this example, four ellipsoidal obstacles are designed to val-
idate the effectiveness of RSPSO algorithm. Theworking task
of two robots is to move a cylindrical object. The grasping
position is at the ends of the cylindrical object. The grasping
distance is d = 5, that is, the constraint distance between two
paths is 5. The starting point and target point of R1 and R2
are S1(2,2,3), T1(95,100,102) and S2(5,2,7), T2(95,103,106),
respectively. The ranges of the random parameters are θ ∈

[0, π] and ϕ ∈ [0, 2π ]. The parameters of obstacles are listed
in Table 1.

When the proposed RSPSO is used to finish the dual path
planning, the collision detection contains two parts which
are the collision detection of the path points in two paths
and the collision detection of the straight line between two
corresponding path points (represents that the collision is not
happened between the working object and the obstacles).

TABLE 1. Obstacle parameters.

For the collision detection of the path points in two paths,
the collision detection principle is to judge whether the path
point is in the ellipsoid. The collision-free criteria can be
expressed by

QT =

(
x − xc
xr

)2

+

(
y− yc
yr

)2

+

(
z− zc
zr

)2

> 1 (30)

where, (x, y, z) is the global coordinates of path point.
For the collision detection of the straight line between two

corresponding path points, the location of the foot point from
the central point of the obstacles to the straight line is used
to detect the collision. Firstly, the foot point from the central
point of the obstacles to the straight line can be calculated by

x0 = k0(x2,k2 − x1,k2 ) + x1,k2
y0 = k0(y2,k2 − y1,k2 ) + y1,k2
z0 = k0(z2,k2 − z1,k2 ) + z1,k2

(31)

where,

k0 = −
Ax + Ay + Az

A
Ax = (x1,k2 − xc)(x2,k2 − x1,k2 )

Ay = (y1,k2 − yc)(y2,k2 − y1,k2 )

Az = (z1,k2 − zc)(z2,k2 − z1,k2 )

A = (x2,k2 − x1,k2 )
2
+ (y2,k2 − y1,k2 )

2
+ (z2,k2 − z1,k2 )

2

(32)

When the foot point is located between two path points, the
collision detection principle is to judge whether the foot point
is in the ellipsoid, which is the same as the detection principle
of the path points (See equation (30)). Otherwise, as long as
the path points satisfy the collision-free criteria, the straight
line between two corresponding path points will not collide
with the obstacles.
The proposed method involves the PSO algorithm and

random sampling. Some system parameters have a signifi-
cant influence on solving, such as population size, sampling
quantity and the number of path points. The sensitivity of
these three main parameters is analysed in this example. The
sensitivity analysis of one parameter is simulated byMALAB
when the other two parameters are fixed, and the results are
shown in Table 2, Table 3 and Table 4.
Table 2 gives the results of different population size (which

is 10, 30, 50, 70 and 90), and there are three simulations
corresponding to each population size. From Table 2, when
the population size is 70, the average of the fitness function
(which is 356.1834) is the most minimum compared to other
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TABLE 2. Sensitivity analysis of the population size.

four data (which is range from 357.7284 to 360.5651). How-
ever, the three deviations from average corresponding to the
population size 90 (which are −2.4368, 1.3912 and 1.0456)
have the smallest gap between each other. This demonstrates
that the simulation results are the most stable when the pop-
ulation size is 90.

TABLE 3. Sensitivity analysis of the sampling quantity.

Table 3 shows the simulation results when the sampling
quantity is 200, 300, 400, 500 and 600, respectively. As can
be seen from Table 3, when the sampling quantity changes
from 200 to 600, the fitness function is getting smaller grad-
ually, while the simulation time is getting longer gradually.
Moreover, the decreasing rate of fitness function is far less
than the increasing rate of simulation time. In addition, when
the sampling quantity changes from 400 to 500, both the
decrement of the fitness function and the increment of the
simulation time are very small, which are only 1.2294 and
120.31 s. The decrement and increment reach the peak value
when the sampling quantity is 400.

TABLE 4. Sensitivity analysis of number of path points.

Table 4 lists the simulation results with the different num-
ber of the path point. From Table 4, the fitness function
increases with the increase of number of path points. That is
because the fitness function is the length of the path, which is
obtained from the superposition of the straight distance from
point to point. When the path point is much fewer, the path is
much closer to the straight line. Consequently, the fewer the
path point is, the smaller the fitness function is. In addition,
the cycle time and the simulation time with number of path
points as 100 is relatively few compared to others.

FIGURE 9. Iteration history.

Through the above analysis, 90, 400 and 100 are selecting
as these three parameters in this example. The predetermined
minimum iteration times of satisfied convergence precision
is set as [Nε] = 20. The iteration history is shown in Fig. 9.
As shown in Fig. 9, the fitness function (f , f1, f2) decreased

from the initial (411.7096, 199.7295, 211.9801) to (348.9491,
168.6688, 180.2803) in the first 23 cycles. After the 23th
cycle, the fitness function is tending towards stability. When
the cycle is 44, the convergence precision is satisfied for
20 consecutive times. The length of path L1 and L2 is
180.0443 and 168.6688, respectively, and the total length is
348.7131. Fig. 10 gives the path L1 under B-spline interpo-
lation. The number of position control points from starting
point to target point is set 3, which is C1 (31.1006, 38.6076,
37.6437), C2 (46.5727, 58.4784, 51.0669) and C3 (60.196,
71.6803, 67.7921) shown in Fig. 10. The broken blue line is
the path L1 by position control points, which is the path before
B-spline interpolation. The solid red line is the path L1 by
B-spline interpolation. The path by B-spline interpolation is
much smoother than that by position control points.

Fig. 11 shows the obtained dual paths. In order to bet-
ter observe whether the path collides with obstacles, three
observe direction (D1, D2 and D3) are also given in Fig. 11.
As shown in Fig. 11, both two paths do not collide with four
obstacles.

The problem of this validation example is also solved by
four othermethods in order tomuch better verify the proposed
method. Table 5 gives the comparison results of ten runs by
different methods.
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FIGURE 10. Path L1 under B-spline interpolation.

FIGURE 11. Graph of dual path.

TABLE 5. Comparison of different methods.

In Table 5, the BPL (which is the abbreviation of Best
Path Length) is the shortest path within ten runs by different
methods. The AST (which is the abbreviation of Average
Simulation Time) is the average time of ten runs. The SR
(which is the abbreviation of Success Rate) is the probability
of obtaining feasible path planning in ten runs. A∗ with CCM

or RRT with CCM is the method in which CCM is adopted
to obtain the second path after the first path is planned by
A∗ or RRT algorithm. RRT-RS or GA-RS is the method in
which RS is adopted to obtain the second path after the first
path is planned by RRT algorithm or GA (genetic algorithm).
Firstly, through the comparison of the proposed RSPSO with
A∗ with CCM and RRT with CCM, the BPL obtained by the
proposed RSPSO is shorter than that by A∗ with CCM, while
the BPL obtained by RSPSO is longer than that by RRT with
CCM. For AST, the proposed RSPSO is bigger than A∗ with
CCM and smaller than RRT with CCM. Secondly, through
the comparison of the proposed RSPSO with RRT-RS and
GA-RS, the BPL and the AST by RSPSO are best in these
three methods. Besides, the ANI by RSPSO is less than that
by GA-RS. For RSPSO and GA-RS, each iteration needs
to perform 90 times of fitness calculation for path L1 and
perform 100 times of sampling operations for path L2. The
ANL (Average Number of iterations, which is the average
times of iteration in ten runs) for RSPSO is 47, while the ANL
for GA-RS is 58. Besides, through the comparison of these
five methods, the SR by the methods of RRT-RS, GA-RS and
RSPSO is 100%, while the SR by the methods of A∗ with
CCM and RRTwith CCM is 60% and 70%, respectively. This
demonstrates that the SR by the RS-based methods is higher
than that by the CCM-based methods. This is due to that a
feasible path can be always found tomatch the first path when
RS method is adopted to plan the second path after the first
path is obtained (except the very special case, see Section II).
However, for the CCM-based method, the CCM is used to get
the second path after the first path is obtained. The second
path obtained by CCM may collide with the obstacle, and
therefore the failure of path planning will be occurred. The
above comparisons of fivemethods indicate that the proposed
RSPSO method can effectively realize the dual path planning
with the distance constraint.

B. PATH PLANNING OF INSTALLATION OF
REDUCER SHAFT
This example, which is unrelated to the first example,
is mainly to verify the effectiveness of the proposed two stage
path planning method. In this example, the path planning of
installation of reducer shaft is adopted to complete the overall
simulation verification from the path planning for the end-
effectors to the joint space planning for robotic arms.

The gear reducer is a commonly used component in
many kinds of mechanical equipment, which generally has
a stable performance and a precise transmission ratio. The
parts mounted on the shaft, including bearing, gear and
shaft sleeve, always needs to keep sufficient stability during
installing operation, and therefore, the co-worked double
industrial robots can be employed to conduct the installation
of reducer shaft. Since the shaft is a rigid body, the distance
between the two end-effectors will be fixed once the shaft
is caught by the industrial robots. The installation task of
reducer shaft is shown in Fig. 12.
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TABLE 6. Inverse kinematics solution.

FIGURE 12. Installation task of reducer shaft.

Fig. 13 shows the installation scenario of double robots.
Two homogeneous KUKA industrial robots are employed to
accomplish this installation process. The global coordinate
system is established on the projection point of the worktop
center as the original point. The total length of the shaft is
338.5mm. The workspace is Wmin = (−300, −500, 661)
and Wmax = (300, 500, 1000). The starting point and target
point of R1 and R2 are S1 = (25.25,−430, 693), T1 =

(25.25, 270, 860) and S2 = (175.25, −430, 693), T2 =

(175.25, 270, 860). The starting point and target point are the
axis position points corresponding to the grasping position.

The gearbox is regarded as an obstacle during the shaft
moving, which can be modelled as cuboid box. The diagonal
coordinates of the cuboid box are (−150.25,−271.5, 860)
and (150.25, 441, 661). In this engineering example, the col-
lision detection is that the endpoints of the shaft on the
straight line of two corresponding path points are not in the
area of the obstacle box. However, the target point is located
in the cuboid box of obstacle envelope. Thus, the collision
detection is relatively complex. Based on the preliminary
analysis, the collision free path planning can be divided into

FIGURE 13. Installation scenario of double robots.

three parts according to the actual environment of shaft instal-
lation. Moreover, the size of the bearing, gear and shaft sleeve
installed on the shaft need to be considered, and themaximum
diameter is 32 mm. Consequently, the spatial scope of the
three sections can be defined by

1st : x ∈ ∀, y ∈ [−430, −305], z ∈ [693, 1000]

2st : x ∈ ∀, y ∈ [−305, 270], z ∈ [892, 1000]

3st : x ∈ [25.25, 175.25], y = 270, z ∈ [860, 1000] (33)

In the 1st path, the starting point and the target point of are
set as S11 = (25.25,−430, 693), T11 = (25.25, −305, 900)
and S12 = (175.25, −430, 693), T12 = (175.25, −305, 900).
Since the z-value and y-value of path L2 changes along
the positive direction of the z-axis and y-axis, the sampling
parameters are defined by θ ∈ [0, π

2 ] and ϕ ∈ [0, π]. In the
2st path, the starting point and the target point are set as
S21 = (25.25, −305, 900), T21 = (25.25, 270, 900) and
S22 = (175.25, −305, 900),T22 = (175.25, 270, 900). The
z-value and y-value of path L2 also change only along the
positive direction of the z-axis and y-axis, so the sampling
parameters are also defined by θ ∈ [0, π

2 ] and ϕ ∈ [0, π].
In the 3st path, the starting point and the target point are
set as S31 = (25.25, 270, 900), T31 = (25.25, 270, 860)
and S32 = (175.25, 270, 900),T32 = (175.25, 270, 860).
In this part, the x-value and y-value of path L2 are only taken
as 175.25 and 270, respectively, and the z-value of path L2
changes along the negative direction of z-axis. While the
x-value and y-value of path L1 are only taken as 25.25 and
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FIGURE 14. Dual path of installation of reducer shaft.

FIGURE 15. Installation process by MATLAB Robotics Toolbox.

270, and the z-value of path L1 also changes along the neg-
ative direction of z-axis. Consequently, the path of this part
is a straight path moving along the negative direction of the
z-axis. The dual path of installation of reducer shaft obtained
by the proposed RSPSO is shown in Fig. 14.
As shown in Fig. 14, the reducer box (the rectangular

box surrounded by purple straight lines) is the obstacle. The
red line is the path L1 planned for the first robot, while
the blue line is the path L2 planned for the second robot.
The shaft marked by the magenta straight line is moved from

FIGURE 16. Installation process by Adams.

the position of P10P20 to the position of P19P29 along two
planned paths.

After the paths L1 and L2 are obtained, the joint space
planning is performed. In this stage, the collision detections
between robotic arms and gearbox, as well as the two robotic
arms, need to be performed to prevent collisions. During the
simulation byMATLAB, the size of the robots is added to the
size of obstacles. Then, the collision detection can be com-
pleted. The joint angles by the second stages corresponding
to the path points marked in Fig. 14 are shown in Table 6.
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The inverse kinematics solution in Table 6 is used to com-
plete the simulation of the dynamic installation process by
MATLAB Robotics Toolbox and Adams, respectively. The
simulations corresponding to the 1th, 6th, 8th and 10th mark-
ers are shown in Fig. 15 and Fig. 16.
From Fig. 15, the two robots both move from the starting

point to the target point along the planned path L1 and L2.
Moreover, neither the shaft nor the robots collided with
the gearbox as shown in Fig. 16. The shaft is successfully
installed to the designated location.

C. EXPERIMENT VALIDATION
According to the installation scenario shown in Part B, the
experiment in the real environment is designed to further
verify the practicality of the proposed algorithm. However,
limited by our local experiment condition, the actual imple-
mentation makes some minor changes to the installation
scenario, which is not exactly the same as the installation
scenario shown in Fig. 12. Meanwhile, two different robots
(that is, a Kuka robot and an ABB robot) are adopted to
together realize the experiment. The experiment results are
shown in Fig. 17 and Table 7.

FIGURE 17. Installation corresponding to four positions.

In Fig. 17 and Table 7, the states of robot in the start-
ing position, target position and two process positions are
displayed. In Table 7, the first value is the joint angle of
ABB robot, while the second value is the joint angle of Kuka
robot. The path and the joint angle obtained by the proposed
method are verified by the actual installation process of two

TABLE 7. Joint angles corresponding to four positions.

robots. The planned two paths are verified to be collision-free,
and the two robots can successfully achieve collaborative
installation adopting the planned joint angles. The experiment
results demonstrate that this scenario is successfully solved
by the proposed method. Compared with the path obtained
from manual teaching, the proposed method can be more
flexible to obtain the dual paths for two co-worked robots.

V. CONCLUSION
This paper presents a two stage path planning method that
includes the dual path planning with the distance con-
straint of first stage and the joint space planning of second
stage. The advantages of the proposed method include the
following three aspects. (1) Both the optimal path of dou-
ble end-effectors and the angular displacements of robotic
arms corresponding to end-effectors can be simultaneously
obtained by suing the two stage path planning method.
(2) The optimal paths can guarantee the constant distance
between the two end-effectors, which is due to the sampling
operation on a spherical surface in the developed RSPSO.
(3) The avoidance of obstacle collision and the avoidance
of inter-robot collision are both taken into account in joint
space planning, and therefore, the angular displacements with
collision avoidance for dual robotic arms can be obtained.

Two simulation examples and an experiment are used to
verify the proposed method, in which the one example is
used to test the developed RSPSO of the first stage and
the others are used to examine the effectiveness of the two
stage path planning method in engineering application. The
examples demonstrate that RSPSO algorithm can effectively
obtain the dual path planning under the fixed distance con-
straints, and the proposed two stage path planning method
can effectively realize the path planning task for engineering
application of co-worked double industrial robots. Therefore,
the proposed method can be regarded as an effective alter-
native in path planning for the co-worked double industrial
robots.

However, the proposed method still exists the following
drawbacks. (1) For the first stage, the distance constraint of
two paths is ensured by fixed the distance of corresponding
path points from one path to another in the proposed dual path
planning method. When the path is longer and the number
of path points is smaller, the distance from the previous path
point to the next path point is larger. In this case, the distance
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of the end-effectors may change in the process of the robotic
arms moving from the previous path point to the next path
point. This will cause the co-worked task to fail. However,
when the number of path points is much more, the time of the
dual path planning and the time of the joint space planning
increase significantly. (2) For the second stage, the joint space
planning only considers the final state angles of robotic arms
in current proposed method. The motion planning of two
robots and the simultaneous control of two robots will affect
the success rate of the collaborative work. (3) The selection
of the PSO performance parameters has significant impact
on the application of the proposed method in robot path
planning. It is necessary to propose an algorithm to select the
most suitable parameters to improve PSO algorithm.

These drawbacks will restrict the in-depth application of
the proposed method in practical engineering. Therefore,
the proposed method requires further research around these
drawbacks in order to better serve engineering applications,
which are also our next work in the future.
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