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Abstract: To address the problem of cooperative work among right-angle coordinate robots in
spacecraft structural plate mount tasks, an improved particle swarm optimization (PSO) algorithm
was proposed to assign paths to three robots in a surface-mounted technology (SMT) machine.
First, the optimization objective of path planning was established by analyzing the working process
of the SMT machine. Then, the inertia weight update strategy was designed to overcome the
early convergence of the traditional PSO algorithm, and the learning factor of each particle was
calculated using fuzzy control to improve the global search capability. To deal with the concentration
phenomenon of particles in the iterative process, the genetic algorithm (GA) was introduced when
the particles were similar. The particles were divided into elite, high-quality, or low-quality particles
according to their performance. New particles were generated through selection and crossover
operations to maintain the particle diversity. The performance of the proposed algorithm was verified
with the simulation results, which could shorten the planning path and quicken the convergence
compared to the traditional PSO or GA. For large and complex maps, the proposed algorithm shortens
the path by 7.49% and 11.49% compared to traditional PSO algorithms, and by 3.98% and 4.02%
compared to GA.

Keywords: mount robot; path planning; particle swarm optimization (PSO); adaptive strategy

1. Introduction

The space temperature difference varies greatly when working in space. In order to
ensure the normal operation of internal equipment, it is necessary to mount an optical
solar reflector (OSR) on the surface of the structural plate of the spacecraft to ensure
the internal thermal equilibrium. Generally, the bonding between the OSR sheet and
structural plates is achieved through an adhesive mixture sprayed on the structural plate,
and currently, work carried out on spraying the adhesive and mounting the reflector is
completed manually. With the development of space technology and the demand for
spacecraft research, spacecraft structural plates are characterized by large size and complex
structures. In the research project related to this paper, the maximum size of the spacecraft
structural plate is 2.5 m x 3 m. The structural plate contains complex structures such as
bosses and counter bores, and about 5000 OSR sheets (40 mm x 20 mm, 40 mm X 40 mm)
need to be mounted on the surface. The manual mounting operation range is limited, and
the intensity of the operation is high, which cannot guarantee the quality of the mount or
the completion of effective mounting tasks within the specified curing time of the mixed
adhesive (about 40 min).
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To solve the above problems, it is necessary to design a reliable and effective automatic
surface-mounted technology (SMT) machine to complete the relevant tasks. At present,
SMT machines often adopt a multi-robot structure, which can be divided into arch type [1],
turret type [2], and composite type [3] based on the motion mode of the mounting system
and feeding system. In order to improve the overall efficiency of the mounting task, we
have designed an SMT machine that uses multiple robots for synchronous mounting. To
avoid the problems of missed and repeated mounting in the working process of multi-robot
SMT machines, accelerate the global mounting speed, and improve overall efficiency, it is
necessary to assign a suitable mounting path scheme for multiple robots based on the path
planning algorithm.

Robot mount path planning belongs to the Multiple Traveling Salesman Problem
(MTSP), which beginners use precise algorithms to solve [4]. With the expansion of the
solution scale, scholars prefer to use heuristic algorithms, including ant colony optimization
algorithms [5], GA [6], PSO [7], and simulated annealing algorithms [8]. Among them, the
PSO algorithm requires fewer parameters and has a fast rate of convergence, which is widely
used in solving path planning problems. However, traditional PSO algorithm experiences
converge prematurely, resulting in many improved algorithms. These improvements
typically use parameter adaptive control or integration with other algorithms to improve
algorithm performance.

The adaptive control of parameters is one of the main methods to improve the search
performance of the PSO algorithm. An improved PSO with adaptive weighted delay
velocity (PSO-AWDV) is proposed by Xu [9], who updates the formula by changing the
speed and updating the inertia weight based on the evolution state to make the particles
jump out of the local optimal solution. Qiang [10] introduces a repulsive force between the
particles, which affects particle velocity and improves searches for global optimal solutions.
When judging premature convergence through convergence checking operations, when
prematurity occurs, the repulsive force generated by the local optimum on all particles
causes the population to jump out of the local optimum and continue searching. Tang [11]
uses quadratic functions to calculate inertia weights and proposes a feedback learning PSO
algorithm, which controls parameters by introducing an adaptive feedback mechanism.
The second type of algorithm improvement is a hybrid algorithm that combines the PSO
algorithm with other search algorithms to enhance performance. Das [12] proposes an
innovative approach to compute an optimal collision-free trajectory path for each robot in
a known and complex environment. The problem under consideration has been solved by
employing an improved version of particle swarm optimization (IPSO) with evolutionary
operators (EOPs). The performance of the algorithm confirms the avoidance of deadlock
situations. The robustness of the algorithm is verified through the comparison with the
state of the art. A trajectory planning method based on an improved hybrid particle
swarm optimization algorithm is proposed by Duan [13] to address the issues of robot
work efficiency and running stability. The results show that compared to traditional
particle swarm optimization algorithms, this algorithm has a shorter running time and can
effectively reduce the pulsation impact of the robotic arm, with better stability.

To overcome the disadvantages of low optimization accuracy and the prematurity of
the canonical PSO algorithm, Tian [14] proposes an improved particle swarm optimization
based on the interaction mechanism between leaders and individuals (PSO-IBLI), and uses
it to implement robot global path planning. In the PSO-IBLI algorithm, in different stages,
each particle learns from the elites according to different regulars. Moreover, the improved
algorithm divides the execution state into two categories, where the parameters and the
evaluation mechanisms are varied accordingly. In this way, the global best particles no
longer walk randomly and have more learning objects. At the same time, other particles
learn from not only the global best position, their historical best positions, but also the other
elites. The learning strategy allows the search mode to remain in adaptive adjustment,
and it improves the speed of convergence and promotes this algorithm to identify a more
precise solution.
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In order to obtain a path suitable for the safe work of the robot wall surface inspection
robot in a GPS-denied environment, a global path-planning method for wall surface in-
spection robots is proposed by Tao [15] based on the improved GA. The influencing factor
for GPS signal strength is introduced into the heuristic function in path planning for GA
to address the aforementioned problem. Using the PSO algorithm, GA is initialized and
the influencing term of GPS signal is introduced into the fitness degree function so as to
achieve the point-to-point path planning of the vertical wall surface inspection robot.

To solve the problem of the robot often colliding with obstacles such as branches
around the fruit during picking due to its inability to adapt to the fruit-growing environ-
ment, Gao [16] proposes an apple-picking robot path-planning algorithm based on the
improved PSO. The main contents of the algorithm are as follows: first, the fruit and its
surrounding branches are extracted from the 3D point cloud data, and the picking direction
of the fruit is calculated; then, the point cloud on the surface of the fruit and branches is
used to establish the spatial model of the obstacles; and finally, an improved PSO algorithm
is proposed to plan the obstacle avoidance trajectory of the end-effector in space, which
can dynamically adjust the velocity weights according to the trend of the particle fitness
value and the position of the particle swarm center of mass. The experimental results show
that the improved PSO has a faster convergence speed than the standard PSO.

Samar Hussni Anbarkhan [17] proposes an enhanced PSO algorithm in order to deal
with the issue of the time and cost of the PSO algorithm being quite high when scheduling
workflow tasks in a cloud computing environment. To reduce particle dimensions and
ensure initial particle quality, intensive tasks are combined when scheduling workflow
tasks. Next, the particle initialization is optimized to ensure better initial particle quality
and reduced search space. Then, a suitable self-adaptive function is integrated to determine
the best direction of the particles. The experiments show that the proposed enhanced
PSO algorithm has better convergence speed and better performance in the execution of
workflow tasks.

Aiming at the problems of low path success rate, easy precocious maturity, and easily
falling into local extremums in the complex environment of mobile robot path planning,
Liu [18] proposes a new particle swarm algorithm (RDS-PSO) based on a restart strategy
and adaptive dynamic adjustment mechanism. When the population falls into local optimal
or premature convergence, the restart strategy is activated to expand the search range by
re-randomly initializing the group particles. An inverted S-type decreasing inertia weight
and adaptive dynamic adjustment learning factor is proposed to balance the ability of
the local search and global search. Finally, the new RDS-PSO algorithm is combined with
cubic spline interpolation to apply to the path planning and smoothing processing of
the mobile robots, the coding mode based on the path node as a particle individual is
constructed, and the penalty function is selected as the fitness function to solve the shortest
collision-free path.

Gul Faiza [19] introduces a recently developed Aquila Optimization Algorithm specif-
ically configured for multi-robot space exploration. The proposed hybrid framework,
“Coordinated Multi-Robot Exploration Aquila Optimizer” (CME-AO), is a unique combina-
tion of both deterministic Coordinated Multi-robot Exploration (CME) and a swarm-based
methodology, known as an Aquila Optimizer (AO). A novel parallel communication
protocol is also embedded to improve the multi-robot space exploration process while
simultaneously minimizing both the computation complexity and time. This ensures the
acquisition of an optimal collision-free path in a barrier-filled environment via generating a
finite map.

Houssein Essam Halim [20] introduces IAO, a new swarm intelligence approach for
addressing the challenge of task scheduling in cloud computing. The proposed method
uses a conventional Aquila Optimizer (AO) and PSO as a hybrid method based on a novel
transition mechanism. The proposed IAO method achieves better results and promising
compared to other comparative methods; it is an excellent scheduling approach for solving
any related scheduling problem.
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Although scholars [9-27] have improved the PSO algorithm and achieved a high
improvement effect, it is difficult to comprehensively consider the search ability, planned
path length, robustness, and other aspects. Especially in the work related to multi-robot
collaborative mounting tasks, the related coding, convergence performance, and other
aspects still have room for improvement. Many PSO and GA hybrid algorithms have been
published using PSO to solve for the initial path, and then GA to optimize the initial path.
So, in the later iteration period, the population deteriorates due to the mutual learning
between particles.

In order to solve the above problems, this paper studies the path planning of multi-
robot cooperative mounting based on the PSO algorithm. Through the global optimization
and local optimization of the adaptive inertia weight balancing algorithm, the fuzzy al-
gorithm is used to dynamically assign learning factors to each particle in the calculation
process, so as to speed up the rate of convergence of the algorithm. When the performance
of particles is similar, a new population is generated by fusion GA to improve the diversity
of the population. Experiments show that the algorithm proposed in this paper has stable
performance, strong searching ability, fast convergence, and can be effectively applied to
path planning work of SMT machines.

2. Mathematical Model
2.1. Analysis of Mount Process

The SMT machine used in the article consists of racks, material trays, mount robots,
and the camera calibration system. The structure of the SMT machine is shown in Figure 1.
The mount robot is driven by a linear motor, and each robot is equipped with two vacuum
suction cups, which shuttle between the material tray and the structural plate to complete
the mounting task.
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Figure 1. Structure diagram of SMT machine.

The workflow of the SMT machine is as follows:

(1) The robot moves to the corresponding material tray based on the size of the OSR
sheet to be attached, and two suction cups sequentially suck the OSR sheet.

(2) The robot moves above the camera to perform pose detection on the OSR sheet and
calculate the offset between the center of the OSR sheet and the center of the suction cup.

(3) After the calibration is complete, the robot moves to the designated position for the
mount.

(4) The robot returns to the material tray position to execute the next cycle.

From the workflow of the SMT machine, it can be seen that the reclaim and mount
positions of different OSR sheets correspond to different motion paths. Due to the short
movement distance of the robot in the z-axis direction, the mount sequence is the main
factor affecting the efficiency.
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2.2. Establishment of Optimization Objectives

Due to the correlation between mount efficiency and the total path of the robot, the ob-
jective of this algorithm optimization is to minimize the mount paths of three robots [28-31].
The objective function is as follows:

f = min{max(dy,dp,ds3)} (1)

where f is the fitness function, and the smaller f, the smaller the total motion path of the
robot under the sequence.

N N
de=Y ", Zj:l,}'#i dZinjk + djorXijk + doikXijk + dijeXije + dji 1)k Xijk 2)

where d, represents the path length of the robot k, with k taking 1, 2, or 3. Xijk represents
whether the mount is carried out at position i and j, taking 0 or 1. dZZ represents the picking
distance of robot k. djo, represents the distance from the position j where the robot k takes
the OSR sheet to the camera o. d,;;x represents the distance from camera o to position i. d;jx
is the distance from position i to position j. d;(;; 1) is the distance from position j to the
picking point of the material tray. The constraint condition is as follows:

xijk € {0,1} ®3)
3 N N
YL Y = “)
k=1i=1j=1,j#i
3 N
Z Y, xp=1 ®)
k=1i=1,i#j
3 N
E Z Xijp =1 (6)
(=1 =T

Among them, Equation (3) indicates whether the current position is for the mount,
Equation (4) indicates that the total number of OSR sheets is N, and Equations (5) and (6)
indicate that each mount position is only assigned once.

3. Path Planning Based on Improved PSO Algorithm
3.1. Establishment of Environmental Maps

The spacecraft structural plate introduced in this article contains special structures
such as bosses and counter bores, and the OSR sheets include two sizes: 40 mm x 40 mm
and 40 mm x 20 mm. In order to accurately and completely represent the mounting
area, the grid method is used to divide the spatial data into discrete units according to a
fixed-size grid and form a grid map. The sizes of the OSR sheets installed in this study
are only two, and in subsequent path-planning algorithms, the position of the OSR sheets
needs to be added to the robot’s mounting sequence. When the cell size of the grid map
is 40 mm x 40 mm, the complete grid and half grid can represent the different states of
the two kinds of OSR sheets. Three representative typical structural plates were selected
for the research, and the schematic diagram of the mounting structural plates is shown in
Figure 2. It includes a small-sized structural plate (Map 1: 400 mm x 600 mm) and two
large-sized structural plates (Map 2: 280 mm x 2320 mm, Map 3: 660 mm x 2120 mm).
Map 3 has a wider width and higher structural complexity compared to Map 2, which
makes the planning of the mounting tasks more difficult.
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Figure 2. Mount area map of structural plate.

Each grid in the grid map has a side length of 40 mm, and the status code in the grid
represents the size and pose of the OSR sheet at that position. Status code 1 is used to
indicate the mount of a 40 mm x 40 mm OSR sheet. Black indicates no mounting of an
OSR sheet, or a convex and concave hole, denoted by 0. Then, 2, 3, 4, and 5 are used to
represent four different poses for mounting 40 mm x 20 mm OSR sheets. According to the
above rules, the corresponding digital matrix for the grid map is established, as shown

in Figure 3.
0 1 2 3 4 5

(a) Different OSR postures correspond to the meaning of the number
4 0 01 0 0 4
1 111111
51213135

(c) Digital matrix A

| {
(d) Grid map B

1111111111111111111111111400000041111111114000411111100111
1111111111111111111111112000000003111111110000011111100111
1111011111111111111111112000000003111111110000011111111111
1111001111111111111111112000000003111111110000011111111111
1111001111111111111111112000000003111111115000511001111111
1111111111111111111111111500000051111111111111111001111111
1111111111111111111111111200000031111111111111111111111111

(e) Digital matrix B

Figure 3. Grid map and the corresponding digital matrix.

After converting the mount map into a grid map, each grid is numbered in order from
left to right on each row to obtain the grid number set E = {1,2,3,...,N}. In order to facilitate
access to the digital matrix and obtain information on whether the corresponding OSR
under a certain number has been mounted and its mounting size, Equation (7) is used
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to decode the number into the coordinate form of (x, y). The coordinate axis is shown

in Figure 2, and the symbol / represents the division result rounded down. The symbol

% represents the remainder of the division result, which is equal to the remainder after
dividing two numbers.

x=m—-1)/row+1

— (n—1)° @)

y=m—-1)%row+1

In the formula, n represents the real number of the current mount position, x and y
represent the row and column number of the position on the grid map, and row represents
the total number of columns in the grid.

The numbers in E are distributed evenly to the three robots as their initial mounting
paths. The path information of three robots is saved as X in the matrix form of Equation (8),
where X1, X5, and X3 respectively represent the mounting sequences of the three robots.
The i-th row of the matrix represents the mounting sequence of the i-th robot, such as the
mounting sequence of the first robot being 1, 17, 32...77, and 145. The route information
shown in formula 8 is only an initial mounting sequence list, which is randomly assigned
and becomes ordered as the iteration process progresses. Due to the fixed size of grid map
cells, the actual distance between the real number and the origin of the map coordinates can
be calculated. This method is intuitive and reasonable, making it convenient to calculate
the total mounting path in the future.

X, 1 17 32 --- 77 145
X=|X,| =4 56 75 --- 12 0 8)
X, 9 7 61 --- 311 0

3.2. Improved PSO Algorithm

The mount path plan in this article belongs to a discrete type problem, where the
position of the particles represents the mount order of three robots, and the velocity of the
particles represents the exchange sequence, changing the position of the particles [32]. The
speed is composed of several arrays, each containing two mount position numbers to be
exchanged. The update of the mount sequence is achieved by swapping the corresponding
position numbers in the mount sequence. Particles learn from individual and group optimal
particles with a certain probability to update their positions. Individual optimality refers to
the optimal position of the particle during the optimization process, while group optimality
refers to the position of the optimal individual in the entire population during the iteration
process. In this article, a mathematical model of the discrete PSO algorithm is constructed
using the method proposed by Zhou [25]. Equations (9) and (10) are used to update the
velocity and position of the particle swarm, respectively [33].

VA = [0 x Ve [er 11 X (pre©X)] olea X 12 % (£10@X)] } ©

Xt = xi g yit! (10)

In the formula, V*! represents a set of exchange sequences, X' represents the mount
sequence for the i-th iteration, py.; is the current optimal position of the particles, and
Qpest is the current optimal position of all particles; w is the inertia weight; c; and ¢, are
learning factors; ® is an exchange sequence used to obtain the position of the current
particle and convert it to the optimal position of the particle; o is used to integrate the
results of exchange sequences learned by particles; and @ uses V'*! to update the next
position of the particles.

3.2.1. Inertia Weight Design

The inertia weight represents the degree to which the original speed is retained [34].
The smaller the value of w, the slower the particle’s flight speed, and it manifests as a local
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fine search during the search process. At this point, the local optimization effect is good,
while the global optimization effect is poor. The larger the value of w, the better the global
optimization effect. In order to balance global and local search, this article proposes an
adaptive inertia weight, which is updated according to Equation (11).

Wmax% f > favg
w=qw favgl < f < favg (11)
Wmin f< favgl

In the formula, fz¢ is the average fitness of the current population, and the fitness
value that is better than f;, is calculated by averaging it to fyyg1. Particles with fitness less
than fy,¢1 are divided into elite groups, where the particle has a smaller mount length and
reduces inertia weight to search locally. Particles with fitness f between fz,e and fane1 are
divided into high-quality groups, with appropriate mount length, maintaining the current
inertia weight, and balancing their global and local search capabilities. Particles with fitness
greater than f,,, are divided into low-quality groups, which have a longer mount path and
increased inertia weight to search globally.

3.2.2. Dynamic Learning Factor Design

In Equation (9), ¢; represents local cognitive ability, and ¢, represents social cognitive
ability. To avoid the premature convergence of the algorithm to local optima, c; takes a
larger value and ¢, takes a smaller value, which enhances the attractiveness of individual
optima to particles and improves their global search ability. In the later stage of the iteration,
in order to accelerate convergence, c; takes a smaller value and ¢, takes a larger value,
which increases the probability of particles learning from the optimal individual in the
population and quickly approaches the global optimal solution. In traditional particle
swarm optimization algorithms, c; often uses a decreasing function, ¢, uses an increasing
function, and w uses a linear decreasing function. However, during the iteration process,
if some particles in the population have high fitness, but at this point w is small and c; is
large, then these particles linger in the local optimal solution and the algorithm converges
slowly. Through simulation, it is found that using the same fuzzy control update strategy
as 2 for c1 does not significantly improve the algorithm performance and increases the
computational complexity, making it difficult to ensure real-time requirements. For the
individual learning factor c; in this article, the adaptive update strategy of the traditional
particle swarm optimization algorithm is still used, as shown in Formula (12).

cl1—=¢€

i~

(12)

In the formula, t represents the current number of iterations, and T represents the total
number of iterations.

For the global learning factor c;, this paper proposes an update strategy based on
particle performance and fuzzy control. By formulating fuzzy rules, each particle is assigned
a learning factor according to the current performance of the particle and the inertia factor,
so0 as to improve the rate of convergence of the algorithm.

The fitness value f is normalized using Equation (13) to ensure that the domain of the
input and output variables is [0, 1].

S~ fwin
f N fmax*fmin (13)

To fuzzy the input and output, w and f” are divided evenly into seven intervals
according to the range of [0.2, 0.9] and [0, 1]. Then, the fuzzy subset is described within
these seven terms as NB (Negative Big), NM (Negative Middle), NS (Negative Small), O
(Zero), PS (Positive Small), PM (Positive Middle), and PB (Positive Big). The membership
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function of a subset adopts a triangular membership function, and fuzzy rules are the key
to fuzzy control [35]. The design criterion of fuzzy rules in this article is that the smaller
the fitness value, the larger the global learning factor c;; the larger the inertia weight w, the
smaller the c;. The output surfaces of learning factors c; and ¢, is shown in Figure 4. The
specific fuzzy rules are shown in Table 1. The input variables are reasoned and decided
according to Table 1, and the barycenter method is used to defuzzify and output the change
of global learning factor c,. The basic idea of the barycenter method is to determine the
position of the barycenter of a fuzzy set by calculating the sum of the product of the
membership degree of the variable and the value of the variable, thus representing the
degree of fuzziness of the fuzzy set. In the barycenter method, the membership of each
variable indicates the importance of the variable in the fuzzy set, and the value of the
variable indicates the position of the variable in the fuzzy set. Through the formula of the
barycenter method, the fuzzy set can be mathematically processed to realize fuzzy control
and fuzzy decision making from the system.

Y—

02

3 S S 0
02 08 06 04

iter

(a) a1

Figure 4. Output surfaces of learning factors c; and c;.

Table 1. Fuzzy rules.

w

f NB NM NS (0] PS PM PB
NB PB PM o NS NM NM NB
NM PS @) NS NS NB NB NB
NS (@) NS NS NM NB NB NB
@) NS NS NS NM NM NB NB
PS NS NS NM NM NM NB NB
PM NS NM NM NM NB NB NB
PB NM NM NM NB NB NB NB

3.2.3. Processing of Local Optimal Solutions

During the iteration process, variance is used to evaluate the similarity of the parti-
cles [36]. If the variance is small, it indicates that the fitness of particles is relatively close,
and the similarity of the particle mount path in the population is high. If we continue to
use this population for searching, the algorithm may fall into a local optimal solution. By
selecting a GA, crossover operator, and elite group, a new population is formed to increase
population diversity. If the method of random crossover is adopted, more low-quality
particles will be generated, which will reduce the rate of convergence of the algorithm.
Therefore, this paper uses the fusing GA to sort the particles according to the fitness value,
divide the particles with the highest fitness into elite groups, and not participate in subse-
quent cross operations. Assuming there are m other particles, the first m/2 particles form
the high-quality group, and the second /2 particles form the low-quality group. From
each of these particles, one particle is selected for single-point crossing to generate two new
individuals. The improved PSO algorithm process is shown in Figure 5 and the improved
PSO framework is shown in Algorithm 1.
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Figure 5. Flowchart of the improved PSO algorithm.

Algorithm 1: Improved PSO framework

1: Set the population size, maximum iteration times iternum, maximum and minimum of inertia
weights
2: Initialize particle position and velocity
3: Calculate the fitness value fit of the initial population, update the optimal particle mounting
order Gy (1) and the minimum fitness value of the population Gy,_ fit (1)
4: while iter < iternum
5: sort the elite, high-quality and low-quality groups
6: Calculate w, ¢, ¢
7: fori=1to size
8: Calculate the new particle velocity v(i)
9: Calculate the new position pop()
10: Calculate the new fit and the variance fit_var
11: if fit_var <1000
12: Generate a new population
13: Calculate fit of the new population
14: for i =1 to size
15: if fit(i) < Pbest_fit(i)

Ppegs_fit (i) = fit(i);

Ppest (1) = pop(i);

end

16: [maxvalue,max_index] = min(fit)
17: if max value < Gy, _fit(iter-1)

Gpest_fit(iter) = max value;

Gpegt(iter) = pop(max_index);

else

Guest_fit(iter) = Gyeg_fit(iter-1);

Ghest (iter) = Gy (iter-1)
18: iter =iter +1
19:  Output minimum Gy, _fit and the corresponding index
20:  Output Gy (index)
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4. Simulation Experiment Analysis
4.1. Algorithm Parameter Settings

The population size affects the computational time and search ability o