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Abstract. We investigate the conceptual design and in-orbit assembly mission planning prob-
lem of a large space telescope (LST). The segmented mirror design has been proposed, and the
robotic assembly concept considering the manipulator work space coverage is developed. To
reduce the in-orbit assembly period and protect the fragile mirror structure, the assembly paths
of the robots are optimized by several new algorithms. First, a mapping between the assembly
path and the assembled piece number is established to rapidly generate the candidate solution to
the optimization problem. Second, the two-level hybrid optimization framework that combines
the ant-colony-inspired algorithm and the genetic algorithm is proposed. The hybrid optimiza-
tion method is designed to be able to converge rapidly to a solution that is close to the global
optimal point. The proposed models and algorithms are verified by simulation, and the results
show that the methods developed can dramatically increase the in-orbit assembly mission effi-
ciency of an LST. © 2020 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOL: 10.1117/1
JATIS.6.1.017002]
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1 Introduction

The construction of a large space telescope (LST) is significantly important for scientific
research and engineering applications.'> As the size of the telescope reflector continues to
increase, the future LST will be launched in pieces into space and will be assembled in orbit
by robotic manipulators.** Since the LST often involves a huge number of modules with various
functionalities, the in-orbit assembly process is a complex operation. Therefore, the LST in-orbit
assembly mission planning is key to the success of the mission, and many works have been
reported in this research area.

Regarding the LST design aspect, various conceptual designs of the LST such as the large
solar space telescope concept have been proposed.’ Another concept of large aperture space
telescopes, which was designed to be launched by the Ares V launch vehicle, was proposed
by Lille et al.® Pan and Xu’ proposed the disturbed situational observer concept, which has made
an important contribution in building the new-generation LST. In addition, since the LST is often
equipped with a large flexible reflector, the dynamical analysis and vibration control of flexible
space structures, which ensures the success of the mission, is also a major research topic. Mohan
and Miller® proposed the new dynamical model to properly describe the motion of large space
systems during the space assembly process. Shi et al.” proposed a robust controller of a large
space servicing platform with flexible appendages, which ensures the stability of the large space
structure during the robotic assembly operation. A similar approach was proposed by
Bandyopadhyay and Chung'® to realize the attitude control of a large spacecraft with high
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flexibility. Gasbarri et al.'' developed the state-dependent Riccati equation-based controller to
realize the vibration suppression control of large space structure with parameter uncertainty.
Meanwhile, the slew path planning and scheduling problem of the LST have also been deeply
investigated.'>!?

Regarding the in-orbit assembly mission planning aspect, two major categories of the orbit
assembly concept can be recognized: the human-involved assembly approach'* and the autono-
mous in-orbit assembly approach.'® Optimization algorithms have been proposed on both con-
cepts to increase the efficiency of space assembly operation. The human-involved assembly
concept is the classic research topic and has already made important contributions to real space
missions such as the international space station'® and the early concept of the James Webb Space
Telescope. More recent research has focused on the autonomous assembly technology, which
can be further classified into two subcategories: assembly based on the servicing platform and
assembly by formation flying and docking maneuvering. The first approach is dedicated to
assembling the modules using the space manipulators, and the mission planning of such sce-
narios is focused on assembly path designing and scheduling. In most cases, the artificial poten-
tial method is adopted with the symmetrical path constraint to generate the assembly path of
the manipulator.* The author proposed a hybrid optimization algorithm to realize the assembly
path planning, considering the topological constraint and the minimum attitude disturbance
criterion.!” In addition, many works have been conducted in the space manipulator control area
to increase the assembly accuracy and reduce the system vibration.'® The second approach is
based on the spacecraft autonomous rendezvous (RDV) and docking technology. Every module
is considered a small spacecraft with limited orbit and attitude control ability, and the assembly is
realized by the formation flying and docking maneuvers. This concept has some advantages,
such as high assembly accuracy, short assembly period, and high redundancy. Therefore, the
RDV and docking assembly concept has also been deeply investigated to realize the LST
assembly missions.'” Another advantage of such technology is that the reconfiguration control
of the large space system can be conducted by the autonomous RDV and docking principle, as
illustrated by Underwood et al.* Many intelligent path planning and scheduling methods have
been presented under this mission concept. Badawy and McInnes’! proposed the superquadric
potential field method for rapid autonomous assembly path planning. Similar approaches have
also been presented to realize the efficient autonomous assembly,?>>* and Chen et al.>* addressed
the collision avoidance control of the actuator clusters during the assembly process in consid-
ering the flexibility of the structure. However, the RDV and docking assembly principle also has
certain drawbacks, including high risk of collision, high requirement for guidance, navigation
and control systems, and large fuel consumption. To address this issue, this paper is focused on
the first in-orbit assembly concept, which is based on the operation of space manipulators.

By analyzing the previous works, it can be seen that the current research has mainly focused
on the feasibility analysis and the mission planning algorithm with a single robot, while the
mission planning and scheduling of multirobot assembly operation has not been widely analyzed
yet. During the real space telescope assembly mission, since the number of modules is large,
multiple manipulators have to work together to accomplish the assembly operation. With the
increasing number of manipulators, the task assignment, mission planning, and scheduling prob-
lems become more and more complex. Moreover, since the telescope mirror reflector is usually
fragile, more constraints must be considered such as the minimum distance between robots and
the no-overlap of tasks assigned to different robots. Therefore, the modified optimization prob-
lem becomes much more complex, and it can no longer be properly solved by the classic opti-
mizers. To address this issue, the multirobot mission assignment, planning, and scheduling
problem is investigated in this paper. First, to realize the in-orbit assembly of the large telescope
mirror, the manipulator has to move along the parabolic mirror surface to carry the piece to the
right position. The motion trajectory of the manipulator during the assembly process is char-
acterized as the assembly path and is optimized in this paper. In addition, the work space cover-
age of the manipulator is also taken into consideration during the assembly path planning
problem. The pieces within the work space of the manipulator are considered to be assembled
and eliminated from the working list, which is more realistic and can reduce the calculation cost.
Second, based on the multirobot assembly scenario, the safety distance constraint is considered
in the mission-scheduling process,” and the time-delay factor is added into the algorithm to
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obtain the maximum relative distance between robots. Third, a mathematical mapping is estab-
lished to rapidly generate the assembly path with manipulator work space coverage, which
serves as the candidate solution for the optimization problem. The genetic algorithm (GA)-based
hybrid optimization algorithm is developed to properly solve the path planning and scheduling
problem. The rest of the paper is organized as follows: Sec. 2 demonstrates the mission scenario
and system design. Section 3 addresses the manipulator work space coverage and the delay
factor, and the optimization algorithm is properly developed. The simulation results and analysis
are shown in Sec. 4, before the conclusion is given in Sec. 5.

2 Mission Scenario and System Design

This paper considers the in-orbit assembly process of an LST’s mirror reflector. To simplify the
mathematical analysis of the problem, a specific mission scenario has been established and con-
sidered throughout this paper. The mission objective is to construct a 60-m parabolic space tele-
scope mirror via the robotic assembly approach, as shown in Fig. 1. It should be clarified that the
paper is only focused on the construction of the mirror reflector system using multiple manip-
ulators, and the deployment of the satellite base is not considered. To simplify the calculation, the
analysis of the problem is set to be in the mirror reflector local coordinate system O, — X, Y ,Z,,.
It is assumed that the LST mirror is launched in modules and is assembled by multiple robots in
space. The robot considered in this paper consists of a base and a manipulator and the moving
trajectory of the base is the assembly path, which should be optimized. From Fig. 1, it can be
noticed that the starting points of all of the assembly paths are set to be the central point of the
mirror reflector, so the initial condition of the optimization problem is fixed.

To assemble the large telescope illustrated in Fig. 1, the segmented mirror design has been
adopted and the reflector surface is set to be composed of 274 hexagonal pieces and six working
regions. Each region is handled by one of the robots, and the assembly path is planned for each
robot system. The two-dimensional (2-D) mission scenario is shown in Fig. 2, where the working
regions are assigned to the robots R1 to R6, respectively. Therefore, the positions of all pieces are
fixed in the O, — XY ,Z, throughout the mission, and they are noted as

P=[v, v, ... v,] e
Vi:[xivyivzi]’ 121’2”274 (2)

From Fig. 2, it can also be noticed that the working regions R3 and RS are generated by
rotating R1 and that R4 and R6 are generated by rotating R2, respectively. The number and
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Fig. 1 lllustration of the mission scenario.
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Fig. 2 Demonstration of task assignment for the six robots.

positions of the piece with R1 and R2 are predefined and fixed. Therefore, Eq. (1) is rewritten
as

Pp = [Vl V2oL Van]
, 3
{PR2:[VI Va oo Vo] ©)
Pr; = q; ® Py
PR5 :(IZ ®PR1 (4)
Pro=q, ® Ppy’
Prs = q2 ® Ppy

where q; and q, are the two quaternion vectors, which are given as

{3; : cosggg, [0,0,1] - singgg

cos(%).[0,0, 1] - sin(§

In Eq. (3), nR1 and nR2 are fixed to be 49 and 44, respectively. Thus, the assembly path
generation is done within a subspace of P with smaller node number, which can dramatically
reduce the calculation cost. Figure 3 demonstrates the relation between the three-dimensional
(3-D) parabolic surface and its 2-D projection. The geometrical form of the surface is defined by
the parabolic function:

T
. )

Projection to

2-D surface Parabolic reflector

x/m

Fig. 3 A 3-D illustration of the telescope mirror reflector and the 2-D projection.
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2(i) = a- [V ()] ©

where a and y are the positive constant coefficients and the mission planning process is dedicated
to minimize the length of the assembly path.

To create the optimization model, the connection matrix and the existence matrix are also
defined and noted as ® and E(7), respectively. The detailed definition of these two matrices can
be found in Ref. 17, so they will not be addressed in detail in this paper. At first, only the sym-
metrical assembly path criterion is considered, which means that the assembly path of R3 to R6
can be generated by rotating the path of R1 and R2 using the quaternions defined in Eq. (5).
Therefore, the classic assembly problem is formulated as

N=[N, N, -+ Nyl
M=[M;, M, - My]
. Ni#Nj, Mi#M;, Vi#]
minxyi(ar - Li+az-Ly) stg N lyh 30T N e 13, 44] @
M;=12.3,....M;€[12,3,.....49]

El(tf) - 1, V l == 1,2,3,...,93

where N and M denote the assembly sequence of the left and right paths, respectively. The fourth
line of Eq. (7) indicates that the piece that had already been assembled should not be revisited
again so that the risk of damaging the mirror reflector can be minimized. The last line of Eq. (7)
denotes the constraint that all pieces should be properly assembled. Here a; and a, are the two
positive defined constants, and L; and L, denote the total assembly path length of the left and
right paths, which are given as

{ 1= Zf: ol N b N ®
Ly = 320 [pwa 2 M) = paa [+ M = 1)

where the notation B(:, i) denotes the i’th column of matrix B. The nonlinear optimization
model defined in Eq. (7) can already be properly solved by existing solvers such as the GA,
and since the symmetrical assembly path criterion is taken into consideration, only the optimi-
zation for R1 and R2 is required to accomplish the entire mission planning process. GA is a
global nonlinear optimization algorithm, which simulates the evolution of the natural species,
and the optimal solution to a problem is considered the final species that survives during natural
competition. This algorithm has been implemented into many tool boxes such as MATLAB GA
function and GA tool for C++. However, it has been proved that this optimization method has
low efficiency’® and will often converge to a local minimum solution. Therefore, improvements
to the optimization model algorithms must be conducted.?’

3 Modification of the Model and the Hybrid Optimization Method

In Sec. 2, it has been shown that the classic optimization process has certain drawbacks, so
modifications and improvements have been made to increase the performance of the optimiza-
tion algorithm. The discussion of this section is divided into two parts: the first section addresses
the manipulator work space coverage effect, the maximum relative distance criterion, and the
delay factor. The second section presents the hybrid optimization method for solving the
assembly mission planning problem.

3.1 Manipulator Work Space Coverage and Time-Delay Factor

The work space of a manipulator is defined as the area that can be reached by the manipulator’s
end effector. When the manipulator base is deployed at a given position r, the current reachable
work space of the manipulator is defined as

W =[R[|R—r| <L], ©)
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Fig. 4 lllustration of the manipulator work space coverage.

where L denotes the maximum reachable distance of the manipulator. Ideally, if a mirror segment
is located within W, it should be installed by the end effector without moving the manipulator
base. In this paper, it is assumed that the base is always connected to the telescope structure and
that the assembly operation can only be carried out when the base is fixed to the telescope struc-
ture. Since the mass of the telescope is much larger than that of the manipulator, the coupling
effect between the base and the manipulator can be ignored and the kinematic motion of the
manipulator can be considered to be the same as the manipulators operating on ground.
Therefore, the number of nodes of the assembly path can be further reduced since the base does
not need to move to the location of each piece to realize the assembly operation. In this paper, the
manipulator work space coverage is simplified using the connection matrix ®. As shown in
Fig. 4, the work space coverage of the manipulator is defined as

r =P(i)
{P(j) e W.if [0(i. ) =1]° (10)

From Eq. (10), it can be seen that if the manipulator base is located at P(i), the work space is
defined as the pieces that are connected to P(i). This simplification can increase the calculation
efficiency and make the optimization model much more realistic than the classic model. Figure 5
shows an example of the assembly path with manipulator work space coverage. It can be seen
that the length of assembly path has been reduced. As the manipulator moves forward, the sur-
rounding pieces are properly assembled, and the entire telescope reflector is properly covered.

The second modification of the optimization model is the maximum relative distance
criterion, which is dedicated to finding the solution with the largest relative distance between
manipulators. To install a piece, the manipulator collision-free trajectory must be generated
by considering the motion constraint. If the relative distance between two manipulators is too
small, the risk of collision becomes higher and more constraints must be considered. This effect
may increase the burden of the manipulator motion planning and control system. Therefore,
the new criterion is added into the system to obtain the assembly path with maximum relative
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Fig. 5 lllustration of the manipulator work space coverage. (a) Step No. 2, (b) step Nos. 7 and 5,
(c) step No. 20, and (d) final state.

distance between the robots. Since the work space coverage of the manipulator was defined in
Egs. (9) and (10), the max relative distance criterion is defined as

max(|lr; —x;|| =2-L), Vi#j.ij=12.3,..6. (11)

This modification can reduce the risk of accident during the in-orbit assembly process. Since
the work space has been defined by the connection matrix in Eq. (10), the value of L is defined as
3/2+/3 - I, where [ denotes the edge length of a hexagonal piece.

The third modification of the problem is focused on the time-delay factor. For the classic in-
orbit assembly mission scenario, the manipulators are supposed to be functioning at exactly the
same time step, and the delay problem has often been omitted. However, for the real space
assembly missions, it may not be the case. First, the time needed for a manipulator to install
a piece depends on many factors and may not be the same for each manipulator. Therefore, it is
impossible for all manipulators to work at exactly the same pace. One solution to this problem is
to set a predefined time interval for all manipulators, and the installation operation starts at the
same time point. However, the choice of the time interval is difficult. If the interval is too large,
the total assembly process may become less time-efficient. If the interval is too small, some of the
manipulators may not be able to finish the installation operation in time and causes even more
problems. Second, since the maximum distance criterion has been added into the system, it may
be difficult for the algorithms to find a proper solution that satisfies all constraints. Therefore, the
existence of the delay factor may increase the dimension of the candidate solution to the
assembly path planning problem and ensures a better performance of the optimization algorithm.
Based on the previous discussions, the modified optimization model is given as
017002-7
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mina @+ D Lo(i) + @ - DL, (D) = gl =y 2 L)

i

N = [N1,N2,N3]
M = [M1, M2, M3]

if(Ni:Nj)H(Mi:Mj)9j_i§Tdelay_max (12)
st.¢ max(Ni) <44 .

max(Mi) < 49

E(t;)=1,Vi=123,...,93

E(r) = Lif [P(i) € W. 3 1]

By comparing Eq. (12) to Eq. (7), it can be seen that assembly sequence vectors N and M
have been changed into three subvectors for the left path and the right path, respectively. This is
due to the symmetrical assembly path criterion being removed so that the assembly path should
be generated for all 6six robots. The cost function has also been modified since the path length is
not the same for different robots. The third line of the constraint has also been changed. The
constraints N; # N; and M; # M ; have been removed due to the delay factor. A robot can now
stay at a given position when other robots move to the next node. The positive constant 7'gejay_max
denotes the maximum delay period that can be accepted. The existence matrix criterion has also
been changed to include the work space coverage into the system. If a piece is within the
work space of the manipulator, it is assumed that the piece can be properly assembled.
Finally, g(||r; — ;|| > 2 - L) denotes the maximum relative distance criterion. In this paper, the
cost function g is set to be the sum of the minimum relative distance between manipulators at
each time step, which is noted as

20

g=>_min[|[r;(n) —=r;(n)| =2-L]. Vr.r;eP(NUM). (13)

Similar to Eq. (7), Eq. (12) can also be directly solved by existing optimizers. However,
since the formulation of Eq. (12) is much more complex, the classic optimization solver will
have very low efficiency and the calculation cost is too high to be handled by ordinary com-
puters. Therefore, a new optimization algorithm is developed to ensure that the solver can be
converged quickly to a local optimal solution, which has similar performance as the global
optimizer.

3.2 Hybrid Optimization Process

In the previous section, three major modifications have been introduced into the optimization
system. Consequently, the optimization model becomes much more complex, so it can no
longer be efficiently solved by the classic global optimizers. To address this issue, a new opti-
mization algorithm has been developed in this section. In Ref. 17, a continuous path generation
algorithm (CPGA) has been presented based on the branch-and-bound method. The assumption
has been made that the telescope reflector was planar and all hexagonal pieces have the same size
so that the continuous path constraint is equivalent to the shortest assembly path. In this paper,
this is not the case since the parabolic reflector is considered. However, a mapping can be
obtained between the CPGA and the path with work space coverage. Assuming that the manipu-
lator is located at position r, the surrounding pieces are recognized by the CPGA and stored in
matrix F:

P(i) €F. if [P(i) € W(r)]. (14)

The CPGA will find the candidate propagation direction in F and finish the rest of the path
generation operation. In this paper, the search for the candidate direction is modified to search for
the local assembly path to install all of the elements within F, and the manipulator work space
coverage is generated as
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E(t)=1, if [P())eF] and E(r)=0. (15)

The algorithm stops when all of the pieces within the working region are installed by
the corresponding manipulator. Therefore, by noting the local assembly path as

Nlocalfn = [NlocaLn ( 1)7 NlocaLn (2)7 - NlocaLn (l)] , i= dlm(F)’ (16)

the mapping can be found between the continuous path N jyinuous and the path considering
the work space coverage N.:

{ Ncominuous = [NlocaLl ’ NlocaLZv cee Nlocal J] (17)
N = [NlocaLl (end)’ Niocal 2 (end)’ SRR Nlocalj (end)] ’

where the index j denotes the total node number of the continuous assembly path obtained by the
CPGA. From Eq. (17), it can be seen that the mapping is injective, which implies that different
CPGAs will generate different Ng.. This effect is important for the optimization solver imple-
mentation since it proves that the optimization framework developed for CPGA can be directly
adopted to solve the assembly path planning problem considering the manipulator work space
coverage. Figure 6 demonstrates the effect of the mapping, where the CPGA result and the path
with work space coverage are illustrated simultaneously. From the figure, it can be seen that the
number of path nodes has been reduced and the path with work space coverage can be considered
a subset of the group of continuous path solutions.

Once the assembly path with manipulator work space coverage is properly generated, the
two-level hybrid optimization algorithm can be established. Based on the design of the optimi-
zation model, the optimization process is also separated into two phases. The first phase cor-
responds to the path optimization to find the minimum path length. The algorithm is based on the
ant-colony-inspired algorithm, which has been proved to be efficient in finding the optimal tra-
jectory of a complex system.?® The second level of optimization is focused on the scheduling of
the assembly sequence. The delay factor is considered and a working schedule with maximum
inter-robotic distance is obtained. The flowchart of the optimization process is given in Fig. 7,
where the two optimization levels are properly shown. It can be seen that the major difference
between the hybrid optimization algorithm and the classic optimization algorithm lies in the
aspect that the candidate path-generation process is replaced by the CPGA, which is much more
efficient. According to Eqs. (7) and (12), it can be seen that the assembly path is considered
a constraint in the optimization model. To address this issue, finding a feasible solution that
satisfies all of the path constraints can take a huge amount of time. However, using the mathe-
matical mapping obtained in Eq. (17) can significantly increase the calculation efficiency, which
proves the advantage of the method proposed in this paper.

=|nstall path R2
= Motion path R2

30 - ==|nstall path R4
==Motion path R4
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20 - ==Motion path R6
10+
0 02079
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Fig. 6 The mapping between the continuous path and the work space coverage path.
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Fig. 7 Demonstration of the two-level optimization algorithm.

By analyzing Eq. (12), it can be seen that the mission planning and scheduling operations are
considered separately. The first part of the cost function is directly linked to the mission planning
aspect, which corresponds to the generation of the assembly path. The second part of the cost
function is dedicated to obtaining an appropriate working schedule with a given path. Therefore,
the mission scheduling process can be considered a second optimization phase that takes the
result of first optimization phase as input.

4 Simulation and Analysis

This section demonstrates the simulation results of the algorithms proposed in this paper. Since
the optimization algorithm is divided into two levels, the discussion in this section is also con-
ducted in two parts, which corresponds to the mission planning and scheduling process,
respectively.

4.1 Test of the Mission Planning Algorithm

The first part of the simulation test is dedicated to test the assembly path planning method. As
cited previously, the general optimization models described in Eqgs. (7) and (12) can both be
handled by MATLAB GA solvers. Thus, the comparison is made between GA and the proposed
algorithms. The basic system parameters are shown in Table 1.

The demonstration of the simulation results is done in three parts. First, the symmetrical
assembly path criterion is taken into consideration, and Fig. 8 shows the comparison of the total
path length obtained by different algorithms. The red dot lines denote the results obtained by
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Table 1 System parameters.

Dynamic parameters Value
Hexagonal piece length 2m
Total piece number 274
Maximum path node number N 49
Telescope aperture 60 m
Number of working regions 6
Starting point of assembly process [0,0,0]
T delay_max 10H
Left/right path node number 44, 49

-

[}
o

Total distance
(m)
H O
o o

200 e
0 i — Hybrid approach left
5 ==-Branch-and-bound left
-=-GA left

Total distance

5 10 15 20 25
step

Fig. 8 Comparison of total path length obtained by different solvers.

considering the antenna surface to be planar.!” The pink dot lines denote the GA results of
Eq. (7), and the blue lines represent the optimization results obtained by the two-level algorithm
developed in this paper. From the comparison, it can be seen that the planar antenna model can
no longer obtain the optimal solution, while the results obtained by GA solver and the hybrid
algorithm have good agreement. It can also be seen that the hybrid algorithm’s performance is
slightly better than the GA solver. This may be due to the high calculation cost and complex
model leading the GA solver to converge to a local minimum solution.

Second, the optimization models presented in Eq. (7) and (12) are compared to illustrate the
effect of the maximum inter-robotic distance criterion. The simulations are shown in Figs. 9-14.
Figure 9 shows the accumulation of the minimum relative distance and the sum of all relative
distances between robots at each assembly step. Figure 10 shows the variation of minimum inter-
robotic distance as a function of assembly step. From the results, it can be seen that the relative
distance between robots is slightly increased by the maximum relative distance criterion, but the
improvement is not significant.

To improve the performance of the maximum relative distance criterion, the unsymmetrical
assembly path is taken into consideration. Figures 11 and 12 show the comparison of relative
distance variation between the robots during the mission assembly process. It can be seen that
since the unsymmetrical assembly path criterion increases the dimension of candidate solution
group, the relative distance between manipulators are further increased. Figures 13 and 14 depict
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Fig. 9 Comparison of the minimum distance between the robots and the accumulated distance.
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the configuration of the symmetrical and unsymmetrical assembly paths, where the working
regions for different manipulators can be properly recognized.

4.2 Test of the Mission Scheduling Algorithm

This section is dedicated to illustrating the effectiveness of the mission scheduling algorithm
developed in this paper. According to the discussion in the previous section, since no delay
factor has been considered, the optimization algorithm can only improve the relative distance
with limited performance. To address this issue, the mission scheduling algorithm is adopted and
the relative distance between robots are obtained and shown in Fig. 15. Similarly, the accumu-
lation of relative distance throughout the in-orbit assembly process is shown in Fig. 16. From
these figures, it can be seen that the average relative distance and the accumulated relative dis-
tance are dramatically increased by the time-delay factor. By adding the delay factor, the algo-
rithm seeks to stop the manipulator’s motion if the relative distance becomes smaller than
a predefined threshold. At the same time, an adaptive law has also been implemented into
the algorithm to prevent the case in which all of the robots are blocked by the delay factor.
When all robots are blocked, the minimum distance threshold is adjusted to be smaller so that
at least one robot can keep moving. With this design, the accomplishment of the assembly mis-
sion can be guaranteed while maximizing the average relative distance between manipulators.

As discussed previously, the relative distance between manipulators can be properly
increased by including the time-delay factor in the optimization process, which can dramatically
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Fig. 15 Comparison of the relative minimum distance obtained at each time step.
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Fig. 16 Comparison of the minimum distance between the robots and the accumulated distance.
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Fig. 17 Comparison of the assembly schedules obtained by different approaches.

simplify the manipulator path planning and control process and reduce the risk of accidents
such as collision or damage to the mirror structure. However, the cost of this improvement is
increasing the total assembly period. The mission assembly schedule is shown in Fig. 17 to better
analyze the result. From the figure, it can be seen that the entire assembly process can be accom-
plished within 30 h without the time-delay factor, while it takes more than 40 h to realize the
assembly with the delay of the manipulator. Finally, Fig. 18 shows the mission scenario of the
assembly process, considering all factors mentioned in this paper. It can be seen that the work
space coverage of the manipulator and the unsymmetrical assembly path are properly adopted,

30

20

30+

20 +

 Left robot coverage
Right robot coverage
= Left robot path
— Right robot path

* Left robot coverage
Right robot coverage
= Left robot path
—Right robot path

Non symmetrical path

30

20 +

30+

20

* Left robot coverage
Right robot coverage
= Left robot path
—Right robot path

Delay factor

20 30 40

* Left robot coverage
Right robot coverage
= Left robot path
—Right robot path

40 30

P U0 0 "
20 -10 O 10

20 30 40

Fig. 18 lllustration of the assembly process considering all constraints and criteria. (a) Effect of
unsymmetrical path, (b) effect of delay factor, (c) R3 and R6 completed, and (d) final state.
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and the delay factor has an important impact on the assembly process. In Fig. 18(c), it can be
seen that the assembly task of R3 and R6 have already been accomplished, while RS has finished
less than 50% of the total work.

5 Conclusion

This paper investigates the LST mirror reflector in-orbit assembly problem. A detailed mission
scenario has been designed by considering the 3-D parabolic reflector surface, the task assign-
ment of multirobots, the manipulator work space coverage, and the time-delay factors. To prop-
erly solve the complex optimization model, a new algorithm that establishes a fast candidate path
generation has been proposed. A two-level hybrid optimization framework has also been devel-
oped to solve the mission planning and scheduling problems separately. Based on the simulation
results, the conclusions show that the new mission design is more efficient and can better re-
present the real mission environment. The proposed algorithm can effectively solve the complex
mission optimization problem and lead the solver to converge rapidly to a result that is close to
the global optimal solution. Therefore, this paper provides a new potential option for future LST
design and mission analysis. Meanwhile, it should be pointed out that this paper assumes that the
robots have already loaded all of the pieces at the beginning of simulation. However, in the real
mission scenario, this may be difficult to realize. To address this issue, the robot might need to
come back to the initial point to reload the pieces, and this effect may impact the mission plan-
ning process. This is an important factor, and the related results will be the focus in our
future works.
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