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The intelligent manufacturing system (IMS) is widely used in the surface machining of the workpiece. In the process of ceramic
surface grinding, the intelligent machine (manipulator) in IMS is required to automatically plan the collision avoidance trajectory
in a complex environment. This paper presents an optimal trajectory planning method of the use of redundant manipulators in
the surface grinding of ceramic billet, which is based on trajectory evaluation.The collision avoidance trajectory can be optimized,
taking into account several parameters in the trajectory, including the length of the collision avoidance path, the weighted sum
of the strokes of all joints, and the duration of the collision avoidance trajectory. Firstly, get the planning task. Secondly, set the
planning parameters and obtain a number of collision avoidance trajectories. Finally, the evaluation function is used to evaluate
the collision avoidance trajectories and get the optimal collision avoidance trajectory. The performance of the proposed optimal
collision avoidance trajectory planning method is validated in different evaluation functions.

1. Introduction

More and more robotic manipulators are used for industrial
applications such as grinding, assembling, welding, and han-
dling, to replace the boring work done by workers in harsh
environments. In order to meet the quality of ceramic pro-
ducts, the inner and outer surfaces of its billet usually need to
be polished. The manipulators can be taught by the worker
to grind the outer surface, but this process is extremely
time-consuming and requires relevant experience. The inner
surface grinding completely relies on handwork because the
narrow space is difficult to realize the teaching approach. In
the use of intelligentmanufacturing on the surface of ceramic
billet grinding, it is necessary to require the manipulators
to automatically plan the collision avoidance trajectory in a
complex environment.

The collision avoidance trajectory planning of themanip-
ulator is divided into two parts: preprocessing and post-
processing. The preprocessing uses the collision avoidance
planner to create collision avoidance paths of the planning

scenario. The postprocessing mainly completes the interpo-
lation of the collision avoidance path, introduces the time
parameter, calculates the inverse kinematics solver, detects
the collision of the environment and the joint, and finally
obtains the collision avoidance trajectory which can be exe-
cuted by the manipulator. In a given time to repeat the plan-
ning, a lot of collision avoidance trajectories are obtained, and
it requires appropriate evaluation methods to select the best
collision avoidance trajectory.

In order to get the optimal collision avoidance trajectory,
a framework of optimal collision avoidance trajectory plan-
ning method is proposed in this paper, which is divided into
three parts:

(A) Identify current planning tasks.
(B) Set the planning time, planner, and other param-

eters. A number of collision avoidance trajectories
are obtained after collision avoidance path planning,
trajectory planning and collision detection and stored
in a container.
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(C) Calculate the value of the parameters in the collision
avoidance trajectory, and then use the evaluation
function to evaluate the collision avoidance trajectory
after normalization process. The optimal collision
avoidance trajectory is returned to the manipulator
controller for execution.

The main contributions of this paper are as follows:

(i) We propose a collision avoidance trajectory evalua-
tion function that can consider several different para-
meters at the same time and show how to calculate
all the parameters in the collision avoidance trajectory
evaluation function.

(ii) In order to save energy, we do weight processing
according to the drive motor power consumption of
the different joints and put it into the trajectory eval-
uation function.

(iii) We demonstrate that, with the use of a sample-based
collision avoidance path planner, the length of the col-
lision avoidance path, the weighted sum of the strokes
of all joints, and the duration of the collision avoid-
ance trajectory are all subject to the normal distribu-
tion.

(iv) We demonstrate that the setup time for replanning
has no significant impact on the performance of the
optimal trajectory.

The rest of this paper is arranged as follows: Section 2
introduces the mathematical basis of the optimal collision
avoidance planning, including the evaluation function, the
calculation of the parameters of the evaluation function,
the TRAC-IK inverse kinematics solver, and the collision
detection method; Section 3 presents an overall framework
of optimal collision avoidance planning based on trajectory
evaluation; in Section 4, we set different evaluation functions
of collision avoidance trajectory and test the optimal colli-
sion avoidance trajectory planning method proposed in this
paper; Section 5 discusses the influence of the replanning
time on the optimal trajectory and the statistical law of the
parameters of the collision avoidance trajectory; this paper
concludes in Section 6.

2. Related Work

The trajectory planning problem of the manipulator can be
handled in different ways, and several categories of these
techniques are proposed in [1]. According to the information
processing in the system, it is divided into local and global
methods. Local methods use incomplete information of the
environment and gradually build the trajectory, which can
achieve rapid collision detection and trajectory planning. In
contrast, the global methods use all the information in the
workspace, and an optimization criterion can be used to
search the best collision avoidance trajectory.

When this problem is treated as an optimization problem,
it is necessary to define the criteria related to the trajectory
planning, such as the torque minimization of the robot, the
energy, and the speed. For this problem, a lot of technology

has been developed, and the main difference is the source
of the problem and the algorithm used to solve it. Garg and
Kumar [2] proposed torque minimization and used genetic
algorithms to solve this problem. Lin [3] proposed another
technique in which they use the kinematics of the robot to
avoid the calculation of the inverse Jacobian matrix. In order
to solve this problem, they used the perturbation method.
Chettibi et al. [4] proposed to minimize the power of the
actuator, the time of the actuator, and the power consumption
of the joints of the manipulators in the joint space and use
the nonlinear optimization to solve the problem. da Graça
Marcos et al. [5] used a genetic algorithm to obtain a solu-
tion in the joint space and evaluated it by means of the
position error of the end effector and the minimized fitness
function of speed, acceleration, torque, and energy. Menasri
et al. [6] proposed to solve the problem based on the use
of bilevel optimization and metaheuristics, divide the path
into small displacements, and make full use of the redun-
dancy of the manipulator to search out the optimal collision
avoidance configuration of the robot in the joint space.
Another method is proposed in [7], which uses genetic
algorithms to find a solution in the joint space. In order to
evaluate the current solution, the error position of the end
effector in Cartesian space needs to be calculated. To find
the next solution, the inverse Jacobian matrix is used to con-
vert the position error to the error of the joint variable. Of
course, other algorithms can be found to solve this problem
by using particle swarm optimization [8], direct variational
method [9], and other methods that consider this problem as
multiobjective optimization problems [10].

Another category dealing with this problem is based on
the probabilistic approach. Their general idea is to build a
graph between the initial configuration and the termination
configuration in a very abstractly defined state space. Each
node of the graph is found by using a different state sampler
(e.g., uniform, gauss, and obstacle based). We can find the
PRM method [11–13], SPARS method [14–16], RRT method
[13, 17–20], SBL method [21], EST method [22], KPIECE
method [23], and SyCLOP method [24].

Taking into account all these ideas above, we propose a
new optimal trajectory planning method. It also uses proba-
bilistic methods and optimizationmethods to solve the prob-
lem, which we call the trajectory evaluation method. In this
method, we first use the probability method to get a lot
of collision avoidance trajectories and then use the appro-
priate trajectory evaluation function to get the best collision
avoidance trajectory. The weighted sum of all the joints used
in the trajectory evaluation function is to take into account
the energy saving problem of the manipulator during the
execution of the collision avoidance trajectory.

3. The Mathematical Basis of
Optimal Collision Avoidance
Trajectory Planning

This section will introduce the mathematical basis of the
optimal collision avoidance trajectory planning, including
the evaluation function, the calculation of the parameters
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Figure 1: Replanning in a given time to obtain multiple collision
avoidance trajectories. In the figure, 𝐶𝑂1, 𝐶𝑂2, and 𝐶𝑂𝑛 represent
the different obstacles in the environment. Q1, Q2, Q3, and Q𝑛
denote the different collision avoidance trajectories.

of the evaluation function, the TRAC-IK inverse kinematics
solver, and the collision detection method.

3.1. Evaluation Function of Collision Avoidance Trajectory.
Traditionally, the goal of collision avoidance planning tra-
jectory is to find a trajectory to avoid collisions between the
start configuration and the target configuration. Specifically,
the start configuration vector qstart (in Cartesian space is
pstart) and the target configuration vector qend (in Cartesian
space pend) are defined in the manipulator’s configuration
space C, where the C’s size 𝐷 is equal to the number of
manipulator joints. There may be a number of obstacles in
the environment corresponding to the rigid body.We assume
that the duration of the collision avoidance trajectory is 𝑡
and discretize it into 𝑁 path points. The trajectory can be
expressed as a vectorQ ∈ 𝑅𝐷⋅𝑁

Q = [q𝑇1 , q𝑇2 , . . . , q𝑇𝑁]𝑇 . (1)

In general, any collision-free satisfies all constraints, and
smooth trajectories can be considered as acceptable solutions.
For the same planning task, we can get different collision
avoidance trajectories, as shown in Figure 1.

In order to evaluate the proposed collision avoidance
trajectories, we define the evaluation function of collision
avoidance trajectoryQ𝑖 as 𝑓Q𝑖

𝑓Q𝑖 = 𝐴 ∗ 𝑐length (Q𝑖)∗ + 𝐵 ∗ 𝑐rotation (Q𝑖)∗ + 𝐶
∗ 𝑐duration (Q𝑖)∗ . (2)

Here 𝑖 ∈ [1,𝑀] and 𝑀 represent the number of collision
avoidance trajectories obtained in a given period of time. 𝐴,𝐵, and 𝐶 represent the weighting coefficients of the length of
the collision avoidance path, the weighted sum of the strokes
of all joints, and the duration of the collision avoidance
trajectories, which are determined according to actual needs

and have 𝐴 + 𝐵 + 𝐶 = 1. Section 4 has a relevant test. In
(2), 𝑐length(Q𝑖)∗, 𝑐rotation(Q𝑖)∗, and 𝑐duration(Q𝑖)∗ represent the
values after the corresponding parameter𝑍-score normaliza-
tion. The purpose of 𝑍-score normalization is to remove the
unit limit of the data and convert it into a dimensionless pure
value to facilitate the mathematical operation of different
units or orders of magnitude. The statistical rules for these
parameters are given in Section 5.

After the original values of these parameters are 𝑍-score
normalized, the standard normal distribution can be ob-
tained. That is, the mean is 0, the standard deviation is 1, and
the conversion function is

𝑋∗ = 𝑋 − 𝜐𝜎 . (3)

In (3),𝑋 can take 𝑐length(Q𝑖), 𝑐rotation(Q𝑖), and 𝑐duration(Q𝑖), and𝜐 and 𝜎 are the mean and standard deviation of the corre-
sponding parameters.

The optimal collision avoidance trajectory is the trajec-
torywhen the evaluation value𝐹optimal of the trajectory equals
the minimum evaluation value 𝑓min of all the trajectories:

𝐹optimal = 𝑓min = min (𝑓Q𝑖) . (4)

3.2. The Length of the Collision Avoidance Path. The three-
dimensional Euclidean distance reflects the length of the
collision avoidance path and is an important factor in eval-
uating the performance of the collision avoidance trajectory.
In order to calculate the length 𝑐length(Q𝑖) of the collision
avoidance path Q𝑖, a method of calculating the three-
dimensional Euclidean distance between the two adjacent
points in the collision avoidance path is used, assuming that
the coordinates of the point are (𝑥q𝑖𝑗 , 𝑦q𝑖𝑗 , 𝑧q𝑖𝑗), then
𝑐length (Q𝑖)
= 𝑛∑
𝑗=1

√(𝑥q𝑖(𝑗+1) − 𝑥q𝑖𝑗)2 + (𝑦q𝑖(𝑗+1) − 𝑥q𝑖𝑗)2 + (𝑧q𝑖(𝑗+1) − 𝑧q𝑖𝑗)2. (5)

Here 𝑗 is the number of the point in the collision avoidance
trajectory Q𝑖, 𝑗 ∈ [1, 𝑛], and 𝑛 is the total number of points
in Q𝑖. The meaning of these symbols appearing later in this
paper is defined as the same.

3.3. The Weighted Sum of the Strokes of All Joints. In order to
take into account the difference in the energy consumption
of the drive motor of the different joints of the manipulator
in the process of the trajectory planning, a new concept of
the weighted rotation of all joints of the collision avoidance
trajectory is proposed, which is called the weighted sum of
the strokes of all joints.The weighted sum of the strokes of all
joints of the collision avoidance trajectory Q𝑖 is denoted by𝑐rotation(Q𝑖), and the weighted rotation angle of the same joint𝑘 from the current point 𝑗 to the next point 𝑗 + 1 is

𝑐rotation (Q𝑖𝑘(𝑗+1)) = 𝜔𝑘 𝜃q𝑖𝑘(𝑗+1) − 𝜃q𝑖𝑘𝑗  . (6)

Here 𝜔𝑘 represents the weighting coefficient of joint 𝑘, 𝑘 is
the joint number, and 𝑘 ∈ [0, 6]. 𝜃q𝑖𝑘𝑗 represents the angle of
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the 𝑘th joint corresponding to the 𝑗th point in the collision
avoidance trajectory. In this paper, the weighting coefficient
of joint 𝑘 is calculated as

𝜔𝑘 = 𝑊𝑘∑6𝑘=0𝑊𝑘 . (7)

Here𝑊𝑘 is the power consumption of the drivemotor for each
joint.

Then, the weighted sum of the strokes of all joints of colli-
sion avoidance trajectoryQ𝑖 is

𝑐rotation (Q𝑖) = 6∑
𝑘=0

𝑛∑
𝑗=1

𝑊𝑘∑6𝑘=0𝑊𝑘
𝜃q𝑖𝑘(𝑗+1) − 𝜃q𝑖𝑘𝑗  . (8)

3.4. The Duration of the Collision Avoidance Trajectory. The
duration of the collision avoidance trajectory can be same,
but considering the difference in the collision avoidance path
length obtained from the sampler-based planner, the dura-
tion is not constant when the trajectory satisfies other con-
straints.

The duration of the collision avoidance trajectory is cal-
culated as

𝑐duration (Q𝑖) = 𝑡q𝑖𝑁 − 𝑡q𝑖1 . (9)

Here 𝑡q𝑖1 and 𝑡q𝑖𝑁 represent the start and end times of the tra-
jectoryQ𝑖.

3.5. TRAC-IK Inverse Kinematics Solver. Using TRAC-IK to
calculate the inverse kinematics of the redundant manipu-
lators not only improves the success rate of the trajectory
planning but also reduces the calculation time of the inverse
solver to a certain extent and gets more collision avoidance
trajectories during the same time period. As with Beeson
and Ames’s [25] research work, we will run two IK imple-
mentations, KDL and SQP. By default, the IK search returns
immediately when either of these algorithms converges to an
answer.

KDL is obtained by the following iterative equation:

qnext = qprev + J−1perr. (10)

Here J−1 is the inverse Jacobian matrix and qnext can be used
to calculate the new value of perr. When all the elements of
perr are below the stop criterion, the current vector q is the
inverse kinematics solver.

SQP is a nonlinear optimization iterative solver, and its
characteristics can be described as

argmin
q∈𝑅𝑛

(qseed − q)𝑇 (qseed − q)
s.t. 𝑓𝑖 (q) ≤ 𝑏𝑖, 𝑖 = 1, 2, . . . , 𝑚. (11)

Here qseed is the 𝑛-dimensional seed value of the joint angle,
and the inequality constraint 𝑓𝑖(q) is the joint limit, the
Euclidean distance error, and the angular distance error.

3.6. Collision Detection. Collision detection is used in col-
lision avoidance path planning and trajectory planning. In
order to calculate the static barrier cost, Euclidean distance
variation (EDT) and geometric collision detection were used.
As with Ratliff et al.’s work [26], we divide the workspace into
three-dimensional voxel grids and precalculate the distance
between each voxel and the nearest static obstacle boundary.
In addition, we approximate the shape 𝐵 of the manipulator
by using a set of overlapping spheres. In this case, the static
barrier cost of configuring q𝑖 can be found by the table in the
voxel and can be calculated as follows:

𝑐𝑠 (q𝑖) = ∑
𝑏∈𝐵

max (𝜀 + 𝑟𝑏 − 𝑑 (𝑥𝑏) , 0)  ̇x𝑏 . (12)

Here 𝑟𝑏 is the radius of a sphere 𝑏, 𝑥𝑏 is the 3D point of
the sphere 𝑏 calculated from the kinematic model of the
manipulator at configuration q𝑖, ‖ ̇x𝑏‖ is the signed EDT of the
3D point 𝑥, and 𝜀 is the minimum safe distance between the
manipulator and the obstacle.

4. Optimal Avoidance Trajectory Planning
Based on Trajectory Evaluation

After obtaining a new number of grinding targets from the
scheduler, the task planner sends the planning request to the
optimal collision avoidance planner, and then the optimal
avoidance planner starts. The detailed procedure can be
described as follows (Figure 2).

Step 1. Get the current planning task.

(i) Select 𝑇𝑎𝑠𝑘4 as the current planning task and name
it 𝑇𝑎𝑠𝑘 from the planning tasks named 𝑇𝑎𝑠𝑘1, 𝑇𝑎𝑠𝑘2,𝑇𝑎𝑠𝑘3, and 𝑇𝑎𝑠𝑘4 received from the task planner.

(ii) Get the starting positionpstart and the ending position
pend of the task 𝑇𝑎𝑠𝑘 in the Cartesian coordinated
system.

(iii) Confirm the parameters of the manipulator and the
processed billet.

Step 2. Replan in a given time.

(i) Set the planning time and planner type number𝑃𝑙𝑎𝑛𝑛𝑒𝑟𝐼𝐷, and clear the number of successful plan-
ning count named 𝑠𝑢𝑐𝑐𝑒𝑠𝑠.

(ii) If the collision avoidance path planning named𝑝𝑎𝑡ℎ𝑝𝑙𝑎𝑛 succeeds, start the collision avoidance tra-
jectory planning named 𝑡𝑟𝑎𝑗𝑒𝑐𝑡𝑜𝑟𝑦𝑝𝑙𝑎𝑛 and collision
detecting named 𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛𝑑𝑒𝑡𝑒𝑐𝑡; otherwise duplicate𝑝𝑎𝑡ℎ𝑝𝑙𝑎𝑛. If both 𝑡𝑟𝑎𝑗𝑒𝑐𝑡𝑜𝑟𝑦𝑝𝑙𝑎𝑛 and 𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛𝑑𝑒𝑡𝑒𝑐𝑡
are successful, then save the current collision avoid-
ance data Q into the container and increase 𝑠𝑢𝑐𝑐𝑒𝑠𝑠
by one.

(iii) Repeat the steps above until the planned cost reaches
the planned time.

The pseudocode of Step 2 can be found in Pseudocode 1,
and its program chart can be seen in Figure 2.
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Figure 2: Procedure of the optimal collision avoidance planning.

Step 3. Evaluate the performance of the collision avoidance
trajectory obtained in Step 2.

(i) Set the collision number 𝑖 = 1, the minimum trajec-
tory evaluation value 𝑓min = 0, and the optimal tra-
jectory number 𝑘 = 1.

(ii) Loop the following steps when 𝑖 ≤ 𝑠𝑢𝑐𝑐𝑒𝑠𝑠:

(a) Calculate the length of the current collision
avoidance path and standardize it.

(b) Calculate the weighted sum of the strokes of all
joints of the current collision avoidance trajec-
tory and carry out the normalization process.

(c) Calculate the duration of the current collision
avoidance trajectory and standardize it.
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𝑃𝑙𝑎𝑛𝑛𝑖𝑛𝑔𝑡𝑖𝑚𝑒 ← 8 s𝑃𝑙𝑎𝑛𝑛𝑒𝑟𝐼𝐷 ← RRTConnect𝑠𝑢𝑐𝑐𝑒𝑠𝑠 ← 0
do {

if(𝑝𝑎𝑡ℎ𝑝𝑙𝑎𝑛==1){
if ((𝑡𝑟𝑎𝑗𝑒𝑐𝑡𝑜𝑟𝑦𝑝𝑙𝑎𝑛==1)&&(𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛𝑑𝑒𝑡𝑒𝑐𝑡==1)){
push back Q;𝑠𝑢𝑐𝑐𝑒𝑠𝑠++;}

else{ 𝑡𝑟𝑎𝑗𝑒𝑐𝑡𝑜𝑟𝑦𝑝𝑙𝑎𝑛;𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛𝑑𝑒𝑡𝑒𝑐𝑡;}
end if}
else 𝑝𝑎𝑡ℎ𝑝𝑙𝑎𝑛;
end if} while(𝑡 ≤ 8 s)

Pseudocode 1: The pseudocode of Step 2.

(d) Calculate the evaluation value 𝐸 of the current
collision avoidance trajectory.

(e) Determine whether 𝑖 is 1. If it is, 𝑓min = 𝑓Q1 .
(f) Determine whether the evaluation value 𝑓Q𝑖 of

the current collision avoidance trajectory is less
than the current 𝑓min. If it is, 𝑓min = 𝑓Q𝑖 , and𝑘 = 𝑖.

The pseudocode of Step can be found in Pseudocode 2, and
its program chart can be seen in Figure 2.

When the steps above are completed, the optimal collision
avoidance trajectory can be obtained.

The replanning in Step 2 allows us to acquire multiple
collision avoidance trajectories in a given period of time. Suc-
cess is to count the total number of collision avoidance tra-
jectories acquired during a given period of time and for Step 3
to obtain the dataQ of the collision avoidance trajectory from
the container.

In Step 3, the optimal collision avoidance trajectory is
found by evaluating the performance of multiple trajectories.
The weighted sum of the strokes of all joints is calculated
according to (8), and on the basis of the principle of
power balance, the weighting factor is calculated according
to (7). The normalization process is used to calculate the
length 𝑐length(Q𝑖) of the current collision avoidance path, the
weighted sum of the stroke of all joints 𝑐rotation(Q𝑖) of the
current collision avoidance trajectory, and the duration𝑐duration(Q𝑖) of the current collision avoidance trajectory.

5. Experimental Verification

This section examines the effectiveness of the optimal col-
lision avoidance trajectory planning for different collision
avoidance trajectory evaluation functions.

In order to verify the algorithm proposed in this paper,
the required experimental environment is constructed, which
includes the computing platform for planning the optimal
collision avoidance trajectory and the redundant manipula-
tors for executing the planned optimal collision avoidance
trajectory. The computing platform for planning the optimal
collision avoidance trajectory is a superior computer with a
CPU of Inter (R) Xeon (R) E5-2620 v3 6-core (12-thread)
2.4GHz and 16GBmemory.The computer’s operating system
is Ubuntu 16.04 LTS, the middleware is ROS Kinetic, and the
motion planning framework is MoveIt. Redundant manipu-
lators that perform optimal collision avoidance trajectory is
specifically designed. The body of the manipulators is con-
structed by adding the seventh joint to the body of HP20F
manipulators of Yasukawa Electric (China) Co., Ltd. The
power of the driving motor is 1200W, 600W, 300W, 120W,
80W, 50W, and 50W, respectively. The manipulators’ mul-
tiaxis real-time control system is based on GUC-800-TPV
motion controller of Googol Technology (Shenzhen) Ltd.The
control system can communicate with third-party computers
via TCP/IP protocol.

The experiment scenario of this paper is shown in
Figure 3, which includes the computing platform of the
optimal collision avoidance trajectory planning in Figure 3(a)
and the execution platform of the optimal collision avoidance
trajectory in Figure 3(b).The relative position of the manipu-
lators and the workpiece are the same in the computing plat-
form and the execution platform of the collision avoidance
trajectory. We can see some of the grinding areas on the sur-
face of the ceramic billet, and the planned optimal collision
avoidance trajectory can be seen in Figure 3(a). The experi-
mental verification process is as follows: Step 1: through the
3Dvisual inspection system, the relative position of themanip-
ulators and the workpiece in the processing site are detected
from Figure 3(b); Step 2: after obtaining the relation data
of the relative positions mentioned above, the computing
platform of Figure 3(a) uses the method proposed in this
paper to plan the optimal collision avoidance trajectory; Step3: the collision avoidance trajectory data obtained in Step 2 is
sent to the actual machining environment in Figure 3(b) via
TCP/IP protocol.

5.1. Experiments of Optimal Collision Avoidance Trajectory
Planning Based on Trajectory Evaluation. Set the Plan-
ning time to 8 s, the PlannerID to RRTConnect, and use
single-threaded planning. In these experiments: the posi-
tion of the start point of the selected subtask is Pstart =(−0.33973, 0.81281, 0.21828), and the orientation is Ostart =(0.98068, −0.018394, 0.13372, 0.1416); the position of the end
point isPend = (−1.33973, 0.81281, 0.38828), and the orienta-
tion is Oend = (0.98068, −0.018394, 0.13372, 0.1416). After
running the algorithm proposed in this paper, 61 sets of colli-
sion avoidance trajectories are obtained in 8 s, and different
evaluation functions are set as below to find the optimal
collision avoidance trajectory.

(1) When 𝐴 = 1.0, 𝐵 = 0, and 𝐶 = 0, the evaluation
function of the trajectory is

𝑓Q𝑖 = 1.0 ∗ 𝑐length (Q𝑖)∗ + 0 ∗ 𝑐rotation (Q𝑖)∗ + 0
∗ 𝑐duration (Q𝑖)∗ . (13)
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𝑖 ← 1𝑓min ← 0
for 𝑖 1 to 𝑠𝑢𝑐𝑐𝑒𝑠𝑠{

𝑐length (Q𝑖)∗ ← ( 𝑛∑
𝑗=1

√(𝑥q𝑖(𝑗+1) − 𝑥q𝑖𝑗)2 + (𝑦q𝑖(𝑗+1) − 𝑥q𝑖𝑗)2 + (𝑧q𝑖(𝑗+1) − 𝑧q𝑖𝑗)2)
∗

;

𝑐rotation (Q𝑖)∗ ← ( 6∑
𝑘=0

𝑛∑
𝑗=1

𝑊𝑘∑6𝑘=0𝑊𝑘
𝜃q𝑖𝑘(𝑗+1) − 𝜃q𝑖𝑘𝑗 )

∗

;

𝑐duration (Q𝑖)∗ ← (𝑡q𝑖𝑁 − 𝑡q𝑖1)∗;𝑓Q𝑖 ← 𝐴 ∗ 𝑐length (Q𝑖)∗ + 𝐵 ∗ 𝑐rotation (Q𝑖)∗ + 𝐶 ∗ 𝑐duration (Q𝑖)∗;𝑓min ← 𝑓Q1 ;
if (𝑓Q𝑖 < 𝑓min){ 𝑓min ← 𝑓Q𝑖 ;𝑘 ← 𝑖;}
end if

end for

Pseudocode 2: The pseudocode of Step 3.

manipulators
Grinding

Trajectory

PＭＮ；ＬＮ

Ceramic
biscuit

P？Ｈ＞

(a) The computing platform of the optimal col-
lision avoidance trajectory planning

manipulators
Grinding

PＭＮ；ＬＮ

Ceramic
biscuit

Controller

(b) The execution platform of the optimal col-
lision avoidance trajectory

Figure 3: Experiment scenario.

(2) When𝐴 = 0, 𝐵 = 1.0, and𝐶 = 0, the evaluation func-
tion of the trajectory is

𝑓Q𝑖 = 0 ∗ 𝑐length (Q𝑖)∗ + 1.0 ∗ 𝑐rotation (Q𝑖)∗ + 0
∗ 𝑐duration (Q𝑖)∗ . (14)

(3) When𝐴 = 0, 𝐵 = 0, and𝐶 = 1.0, the evaluation func-
tion of the trajectory is

𝑓Q𝑖 = 0 ∗ 𝑐length (Q𝑖)∗ + 0 ∗ 𝑐rotation (Q𝑖)∗ + 1.0
∗ 𝑐duration (Q𝑖)∗ . (15)

(4) When 𝐴 = 0.3, 𝐵 = 0.3, and 𝐶 = 0.4, the evaluation
function of the trajectory is:

𝑓Q𝑖 = 0.3 ∗ 𝑐length (Q𝑖)∗ + 0.3 ∗ 𝑐rotation (Q𝑖)∗ + 0.4
∗ 𝑐duration (Q𝑖)∗ . (16)

The statistical results of the evaluation value for all colli-
sion avoidance trajectories using (13)–(16) are shown in Fig-
ures 4–7, respectively. In addition, the parameters recorded
in Table 1 also include the joint angles such as theta0, theta1,
theta2, theta3, theta4, theta5, and theta6, the length of the
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Figure 4: Evaluation of all collision avoidance trajectories when𝐴 =1.0, 𝐵 = 0, and 𝐶 = 0.

collision avoidance path, the duration of all joint weights, and
the duration of the trajectories above.

5.2.The Analysis of Experimental Results. Through the exper-
iments above, we get the optimal collision avoidance trajec-
tory when setting different trajectory evaluation functions. In
this section, we will analyze the results of different trajectory
evaluation functions.

When we take 𝐴 = 1.0, 𝐵 = 0, and 𝐶 = 0 in the evalua-
tion function, we expect the shortest collision avoidance
trajectory. Now we analyze the characteristics of the collision
avoidance trajectory according to the evaluation function
set here. From Figure 4, we will find that all the trajectory
evaluation values are unequal, and the trajectory of the
smallest trajectory evaluation value which can be found is
Q49. The trajectory evaluation value corresponding to this
trajectory is 𝑓Q49 , and according to (4), we can get 𝐹optimal =𝑓Q49 = −0.9302. In addition, it can be seen from Table 1 that
when 𝐴 = 1.0, 𝐵 = 0, and 𝐶 = 0, the length of the colli-
sion avoidance trajectory Q49 is 1044.08mm. This length
is 50.1% shorter than the length of the collision avoidance
trajectory obtained when 𝐴 = 0, 𝐵 = 0, and 𝐶 = 1.0 in
the trajectory evaluation function, which is a great improve-
ment in trajectory performance over the trajectory length.
Executing the collision avoidance trajectory Q49 on the
redundant manipulators shows that the actual path length
is really short. This proves that when the coefficients of the
evaluation function are set as 𝐴 = 1.0, 𝐵 = 0, and 𝐶 = 0, we
get the length-optimal collision avoidance trajectory, and the
grinding tool of the grinding manipulators can get the short-
est moving distance after the trajectory is executed.

When 𝐴 = 0, 𝐵 = 1.0, and 𝐶 = 0 in the evaluation func-
tion, we expect to get the collision avoidance trajectory
with the least weighted sum of the strokes of all the joints.
Now we analyze the characteristics of the collision avoidance
trajectory according to the evaluation function set here. From
Figure 5, we will find that all the trajectory evaluation values
are unequal, and the trajectory of the smallest trajectory
evaluation value which can be found is Q48. The trajectory
evaluation value corresponding to this trajectory is 𝑓Q48 .
According to (4), we can get 𝐹optimal = 𝑓Q48 = −1.3694.
In addition, it can be seen from Table 1 that when 𝐴 = 0,𝐵 = 1.0, and 𝐶 = 0, the weighted sum of the strokes of all
the joints of the collision avoidance trajectory Q48 is
0.97886 rad. This value is 38.8% shorter than the weighted
sum of the strokes of all the joints of the collision avoidance

0 6 12 18 24 30 36 42 48 54 60
−1

0
1
2
3
4

The number of collision avoidance trajectories

Th
e e

va
lu

at
io

n 
va

lu
e

−1.3694

Figure 5: Evaluation of all collision avoidance trajectories when𝐴 =0, 𝐵 = 1.0, and 𝐶 = 0.
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Figure 6: Evaluation of all collision avoidance trajectories when𝐴 =0, 𝐵 = 0, and 𝐶 = 1.0.

trajectory obtained when 𝐴 = 0, 𝐵 = 0, and 𝐶 = 1.0 in the
trajectory evaluation function, which is a large improvement
in trajectory performance over the joint travel. Executing
the collision avoidance trajectory Q48 on the redundant
manipulators shows that the joint drive motor with larger
power of themanipulator has less rotation and the jointmotor
with smaller power has larger rotation.This proves that when
the coefficients of the evaluation function are set as 𝐴 = 0,𝐵 = 1.0, and 𝐶 = 0, we obtain the collision avoidance tra-
jectory with the least weighted sum of the strokes of all the
joints.

Whenwe take𝐴 = 0, 𝐵 = 0, and𝐶 = 1.0 in the evaluation
function, we expect the shortest duration of the collision
avoidance trajectory. Now we analyze the characteristics of
the collision avoidance trajectory according to the evaluation
function set here. From Figure 6, we will find that all the
trajectory evaluation values are unequal, and the trajectory
of the smallest trajectory evaluation valuewhich can be found
is Q43. The trajectory evaluation value corresponding to this
trajectory is 𝑓Q43 , and according to (4), we can get 𝐹optimal =𝑓Q43 = −1.4902. In addition, it can be seen from Table 1 that
when 𝐴 = 0, 𝐵 = 0, and 𝐶 = 1.0, the duration of the colli-
sion avoidance trajectory Q43 is 4.9002 s. This duration is
27.6% shorter than the duration of the collision avoidance tra-
jectory obtained when 𝐴 = 0, 𝐵 = 1.0, and 𝐶 = 0 in the
trajectory evaluation function, which is a big improvement in
trajectory performance over the trajectory duration. Execut-
ing the collision avoidance trajectory Q43 on the redundant
manipulators shows that the actual trajectory duration is
really short. This proves that when the coefficients of the
evaluation function are set as 𝐴 = 0, 𝐵 = 0, and 𝐶 = 1.0, we
get the collision avoidance trajectory with the least duration.

When we take 𝐴 = 0.3, 𝐵 = 0.3, and 𝐶 = 0.4 in the eval-
uation function, we expect the integrated optimal collision
avoidance trajectory. Now we analyze the characteristics of
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Table 1: Parameters of the optimal avoidance trajectory obtained from different evaluation functions.

𝐴/𝐵/𝐶 1.0/0/0 0/1.0/0 0/0/1.0 0.3/0.4/0.5
Number 49 48 43 33𝜃0 (rad) 2.21861 0.60335 1.80834 0.89023𝜃1 (rad) 0.65410 1.36034 1.51717 0.95596𝜃2 (rad) 1.13171 1.13244 1.13161 1.1332𝜃3 (rad) 0.97200 1.42901 1.7232 1.41036𝜃4 (rad) 1.11198 0.80241 0.82238 1.31284𝜃5 (rad) 2.26693 2.97239 1.93836 1.94433𝜃6 (rad) 0.94546 1.70243 0.99593 0.63767
Length (mm) 1044.08 1183.91 2093.14 1155.9
Weighted rotation (rad) 1.56684 0.97886 1.59959 0.99378
Time (s) 6.4620 6.7684 4.9002 5.4983
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Figure 7: Evaluation of all collision avoidance trajectories when𝐴 =0.3, 𝐵 = 0.3, and 𝐶 = 0.4.

the collision avoidance trajectory according to the evaluation
function set here. From Figure 7, we will find that all the
trajectory evaluation values are unequal, and the trajectory
of the smallest trajectory evaluation valuewhich can be found
is Q33. The trajectory evaluation value corresponding to this
trajectory is 𝑓Q33 , and according to (4), we can get 𝐹optimal =𝑓Q33 = −1.1081. In addition, it can be seen from Table 1 that
when 𝐴 = 0.3, 𝐵 = 0.3, and 𝐶 = 0.4, the length of collision
avoidance trajectory Q33 is 1155.9mm, the weighted sum of
all joint travels is 0.99378 rad, and the duration is 5.4983 s.
The length of collision avoidance trajectory is 44.8% shorter
than that of 𝐴 = 0, 𝐵 = 0, and 𝐶 = 1.0 in the trajectory
evaluation function. The weighted sum of the strokes of all
the joints is 37.9% shorter than that of 𝐴 = 0, 𝐵 = 0, and 𝐶 =1.0 in the trajectory evaluation function, and the duration
was 18.8% shorter than the duration of collision avoidance
trajectories obtained when 𝐴 = 0, 𝐵 = 1.0, and 𝐶 = 0 in
the trajectory evaluation function. Performing the collision
avoidance trajectory Q33 on the redundant manipulators
shows that its overall performance is the best. This proves
that when the coefficients of the evaluation function are set as𝐴 = 0.3, 𝐵 = 0.3, and 𝐶 = 0.4, we get the integrated optimal
collision avoidance trajectory.

6. Discussion

This section discusses some properties of the proposed
optimal collision avoidance trajectory planning method,
including (1) the influence of the set replanning time on the

optimal trajectory; (2) the statistical law of the parameters in
the collision avoidance trajectory.

In order to obtain the effect of replanning time on the
relevant parameters in the collision avoidance trajectory and
the characteristics of these parameters, we set the planning
time as 1 s, 2 s, 3 s, 4 s, 5 s, 6 s, 7 s, and 8 s, use RRTConnect
as the collision avoidance path planner, employ TRAC-IK to
calculate the inverse kinematics solver, and repeat 20 times
the algorithm above with a single thread.

6.1. The Impact of Replanning Time on the Optimal Trajectory.
The relationship between the given planning time and the
output number of collision avoidance trajectories is shown in
Figure 8. The relationship between the given planning time
and the length of the collision avoidance path is shown in
Figure 9. The relationship between the given planning time
and the weighted sum of the strokes of all joints is shown
in Figure 10. The relationship between the given planning
time and the duration of the collision avoidance trajectory
is shown in Figure 11. Figure 8 shows that the number of
collision avoidance trajectories increases linearly as the given
planning time increases. Figures 9–11 show that themean and
minimum values of the duration of the collision avoidance
trajectories, the length of the collision avoidance path, and the
weighted sum of the strokes of all joints of the collision avoid-
ance trajectory have not changed significantly as the given
planning time increases. The mean and minimum values of
the length of the collision avoidance are stable at around
2553mm and about 776mm, respectively. The mean sum of
the weighted sums of all joints of the collision avoidance
trajectory is about 1.74 rad and 0.79 rad. The mean and
minimum values of the duration of the collision avoidance
are stable at around 7.34 s and about 4.22 s.

An analyzing of the results above shows that using the col-
lision avoidance trajectory planningmethod proposed in this
paper can greatly improve the performance of the trajectory:
the length of the collision avoidance path is 69.6% shorter
than the mean length of the randomly generated paths; the
weighted sum of the strokes of all the joints is 54.6% less than
the mean of the randomly generated collision avoidance tra-
jectories; and the duration of collision avoidance trajectory is
42.5% shorter than themean duration of randomly generated
collision avoidance trajectories.
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6.2. The Statistical Laws of the Parameters in the Collision
Avoidance Trajectory. Figures 12–14 show the distribution of
the collision avoidance path length, the weighted sum of
the strokes of all joints, and the duration of the collision
avoidance trajectories when given different planning time.
From these figures we can find that the parameters above are
subject to the normal distribution.Themean distribution can
be seen from Figures 9–11, and we can find the specific values
of the mean of these parameters in Section 6.1.

7. Conclusion

In this paper, we propose an optimal trajectory planning
method which is applied to achieve the automatic planning
avoidance trajectory function in the process of grinding
ceramic billet surface.The core idea of this approach is to use
the evaluation function to evaluate all the collision avoidance
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trajectories obtained by replanning and return the optimal
collision avoidance trajectory to the manipulator.

The experiments show that the proposed optimal avoid-
ance trajectory planner can return the optimal collision
avoidance trajectory when the evaluation function is differ-
ent.The statistical results obtained through a large number of
repeated experiments show that the three parameters in the
collision avoidance trajectories are subject to the normal
distribution, and the influence of the replanning time on the
optimal trajectory is not very obvious.

The basis of the optimal avoidance trajectory planning
includes the evaluation function of the collision avoidance
trajectory and its parameter calculation, the inverse kinemat-
ics solver of the redundant manipulators, the collision avoid-
ance path planner, and the collision detection. In this paper,

the calculation of the weighted sum of the strokes of all joints
in the evaluation function only takes into account the rotation
of the joints and does not take into account the moments in
rotation process.Therefore, it is necessary to take into account
the moment when the energy saving is calculated accurately.
The inverse kinematics solver of the redundantmanipulators,
the collision avoidance path planner, and the collision detec-
tion are based on the existing research results. If a higher
computational accuracy or computational speed is required,
the corresponding better performance algorithm can be
selected.

The optimal avoidance trajectory planning method pro-
posed in this paper canmeet the task requirements of surface
grinding. However, the process of surface grinding is very
complicated; it is necessary to consider the dynamics of the
manipulator and the dynamic force-position relation of the
grinding process. In the future, we will research into the
control of the force to make the polished surface meet the
demanding process requirements.
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