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ABSTRACT

Space debris removal is currently a critical issue for space development. It
has been reported that five pieces of debris should be removed each year to
avoid further increase in the amount of debris in orbit. One approach for
the removal of multiple pieces of debris is to launch multiple satellites that
can each remove one target debris from orbit. The benefit of this approach

Keywords: is that the target debris can be removed without orbit transition, and
Multiple Space Debris Re- thus, the satellite can be developed considering simple satellite mechanics.
moval However, to realize this concept, multiple satellites need to be launched.

Another approach is to use one satellite to remove multiple pieces of space
debris. This approach can reduce the launch costs and achieve efficient
removal of space debris. However, the satellite must change its orbit
after the removal of each debris piece, and a technique for optimizing
the orbit transition is required. In this study, the latter strategy and
developed a satellite trajectory optimization method for efficient space
debris removal were focused on. The similarity between the problem of
multiple space debris removal and the travelling serviceman problem
(TSP) were considered, and the TSP solution involving an evolutionary
algorithm (EA) was applied. To improve the efficiency of multiple debris
removal, the total radar cross-section (RCS), which indicates the amount
of space debris, and the total thrust of the satellite was minimized. The
TSP solution method was extended to multiple objectives by coupling it
with a satellite trajectory simulation. To evaluate the developed method,
a set of 100 pieces of space debris was selected from a database. The
results indicated a trade-off between the total RCS and total thrust.

Trajectory Optimization
Travelling Serviceman Prob-
lem

Evolutionary Algorithm
Multi-objective Optimization

1 Introduction been developed in this respect. The self-crushing phe-

nomenon called “break up” [6] due to the explosion of

Parts of rockets, spent satellites, and tools left behind
during space operations by astronauts continue to re-
main in orbit as space debris (”debris”) [1} [2} (3] [4].
Such debris pose a threat to satellites in operation,
including the International Space Station as the de-
bris components may collide with these satellites and
cause critical damage. Furthermore, when the amount
of debris exceeds a certain value, the involved parts
may collide with each other, and further increase the
amount of debris. This phenomenon is referred to as
the "Kessler syndrome”[5], and a theoretical model has

residual fuel also increases the amount of debris. Thus,
increasing debris is an urgent problem that needs to
be solved in future space development, and active de-
bris removal techniques are being studied[7, 8, [9]]. To
this end, several methods using removal satellites have
been studied. For example, the use of extending con-
ductive tethers that connect the removal satellite and a
piece of debris, and then eliminate the debris by pass-
ing electric current in the Earth magnetic field and
providing thrust to the debris by using the generated
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Lorentz force [7], has been widely investigated. An-
other possible approach is to attach thrusters to the
debris pieces [9] to change their trajectory. Such meth-
ods require the satellite to be powered to rendezvous
with the debris; therefore, efficient mission scenarios
are required.

From the viewpoint of cost-effectiveness, it is de-
sirable to eliminate multiple debris with a removal
satellite. In addition to the technology of the removal
satellites, the optimization of the order in which debris
is collected and/or captured and disposed should be
considered. Although the optimization of the meeting
order can be achieved by considering general com-
bination optimization problems such as the travel-
ling salesman problem (TSP), the debris moves non-
cooperatively towards the dumping satellite in this
multiple debris removal problem. Therefore, it is also
necessary to investigate the applicability of the TSP
solution. In an actual dumping mission, there are mul-
tiple objectives such as maximizing the total size of de-
bris to be discarded while minimizing the total amount
of energy required for the removal satellite to change
its trajectory. In particular, it is predicted that the sum
of the sizes of debris represented by the radar cross-
section (RCS) and the sum of the trajectory-changing
energies associated with each debris are contradictory.

Therefore, in this research, a general methodology
for the TSP expanded as a multi-objective problem was
applied to the path optimization problem of satellites
for active debris removal to eliminate a plurality of
debris. The data of 100 observed debris was taken
as an example; solve the multi-objective problem by
changing the number of target debris to 2, 3, 4, and 5;
and determine the trend of the optimum path.

2 Related Study

2.1 Researches on Active Space Debris Re-
moval

In 2017, there were 15,000 pieces of space debris with
a size of 10 cm or more. The number of debris pieces
is expected to exceed 28,000 in 2116 and more than
65,000 in 2210. However, assuming that five pieces of
debris can be removed annually from 2020, the num-
ber of debris in 2116 can be reduced to approximately
20,000; if 20 pieces can be removed, this number can
be reduced to approximately 16,000, according to the
prediction reported in [L0]. Although this suggests
that multiple debris removal techniques are required,
it is expensive to launch and operate multiple removal
satellites. Thus, an active debris removal technique us-
ing only one satellite operating with path optimization
is required.

Conceptual research on multiple debris removal
considering cost reduction was carried out at the NASA
Goddard Space Flight Center [11]]. Conductive tether
satellites were adopted in this exercise, and the ef-
fectiveness of removal of the assumed 50 pieces of
debris was discussed. The optimum trajectory was
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calculated, and the weight of the removed debris was
evaluated by an estimation formula. The examination
was conducted using the TSP solution method. In this
study, several case studies focusing on the number of
removed debris were examined; however, the required
thrust for the removal satellite was not considered in
the optimization process and only a single objective
was considered.

2.2 Solutions for TSP and TSP-like Prob-
lems

The TSP [12], which is a combinatorial optimization
problem, is known as a non-deterministic polynomial
(NP) problem. To solve the TSP, heuristic methods have
been shown to be effective. The problem involves ob-
taining the shortest travelling distance for a salesman,
when the salesman is expected to visit all distributed
cities, as shown in Fig. Here, the distance of the
path between cities i is d;. The TSP is one of the most
popular problems and an example of evolutionary cal-
culation.
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Figure 1: Example of travelling points and routes for
the TSP.

A problem similar to the TSP is the ”Kyoto Tourism
Problem.” [13]. When visiting and sightseeing in the
city of Kyoto, satisfaction and travel expenses are the
factors considered by travelers. The TSP solution
method that introduces the concept of the Pareto opti-
mum for the multi-objective problem was applied. In
this method, a reciprocal relationship exists between
the objectives, and a plan must be proposed based on
the travel budget of each traveler.

Another application of the TSP is to reduce a
driver’s burden and shorten the route for pick up and
transfer in consideration of customers and road con-
ditions, which change dynamically [14]. While simu-
lating road conditions and the movement of the cus-
tomers simultaneously, researchers solved the problem
using the evolutionary method. It can be said that this
problem is similar to the path optimization problem
for active debris removal satellites. However, in real-
ity, it should be noted that debris are uncontrollable
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and non-cooperative objects, while customers exhibit
cooperative behaviour through communication and
self-judgement.

3 Trajectory Optimization for a
Multiple Space Debris Removal
Satellite

In this research, a plurality of debris is effectively re-
moved by “maximizing the sum total of the RCS of the
debris to be removed(RCS;;) and minimizing the sum
of the acceleration to move to the ith debris” (AV,y
which is the amount of AV; for transition).

The debris travels around different orbits (includ-
ing altitude); thus, it is necessary to increase the speed
to meet the orbit in orbit. It is also necessary to mini-
mize the increase in speed to decrease fuel consump-
tion. This problem can be written as follows.

(1)

Maximize RCS;y;
Minimize AV

Assuming that Ny, pieces of the debris are removed,
RCS;,; can be expressed as follows:

Ntot
ZRCSi.
i=1

RCSgebri = (2)

AVio can be written as the summation of the velocity
increment AV; for each debris i:

Niot
ZAW
i=1

AVior = (3)

AV; is obtained by solving Lambert’s problem [15],
which is described in the following subsection.

3.1 Lambert’s
Evaluation

Problem for Trajectory

In this research, the Lambert problem [15] in orbital
dynamics was solved to evaluate the path of the re-
moval satellite. This can be rephrased as a problem
in which the spacecraft achieves the necessary speed
in the orbit to travel from a certain point P to another
point Q. The Lambert equation can be expressed as

3
At =, /“7[21«1 +(E - esinE) — Eg —esinEgl.  (4)

where At is the duration of time, a is the semi-major
axis, u is a gravitational parameter, k is the number
of revolutions, E is an eccentric anomaly, and e is the
orbital eccentricity. AV; is obtained from the target de-
bris position after At, the initial position of the debris
removal satellite, and At is obtained by the expres-
sion |4 Figure|2|shows an example of the solution of
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the Lambert problem translating the trajectory of the
removal satellite with respect to the debris.

Initial orbit
Orbit of target debri
Orbit after transition

T T Ly L ECT R

Figure 2: Example of trajectory calculation when the
removal satellite heads to the rendezvous point with
the debris with one orbit change. Red denotes the orig-
inal trajectory of the dumped satellite, green denotes
the trajectory after the transition, and blue denotes the
trajectory of the debris.

4 Combinatorial
and Expansion
Objective Problem

Optimization
to  Multi-

In this research, the TSP solution methods using a ge-
netic algorithm was applied to the path optimization
problem of space debris removal satellites. The fol-
lowing typical algorithm was firstly developed to solve
TSP.

* As shown in Fig. [1} it was assumed that all the
cities are represented by coordinate points on the
plane and N intercity routes are defined.

* A salesman does not visit the same city more
than once.

The total travelling distance d,; in Fig. |1|can be writ-
ten as

(5)

N
dtot = Zdz’-
i=1

4.1 Genetic Operators

4.1.1 Representation of the Combination of the
Traveling Path

Path representation (PR) is applied. For example, if
the number of visited points is nine, then the order
in which the points are visited can be represented as
follows::

lalclblglhlild][f[el. (6)
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4.1.2 Selection

A roulette selection is applied to select individuals for
the crossover and mutation operations. In the roulette
selection, the selection probability p; can be based on

fitness f; from Npop:
pi= N{—ip' (7)
Zkzl fk

4.1.3 Crossover

Order crossover (OX) [L2] is applied to two selected in-
dividuals. In OX, the individuals p; and p, are selected
first:

lalblcld|e|f|g|h]i
ldlalblhlg|flilclel

P1
2]

(8)

Then, the parts of the gene sequence that are copied to
children ¢; and ¢, are selected from p; and p,, respec-
tively. An example is shown in Eq. [9} Here, fourth—
seventh genes are copied in that order to the children,
and the rest of the genes —which are temporarily rep-
resented by | * |— are undecided gene sequence parts
to be determined by a crossover:

e = [xfxfxfdlelflg]x]x]

[ | [ [hgE]i] ] =]

(9)

To determine the genes temporarily represented by
| * | of ¢q, the following gene sequence of p, that cor-
responds to the undecided gene sequence part of ¢;
is copied. The sequential order of this gene sequence
remains in the clockwise direction:

2

pp=lcleld|alblh[g|f]il

Here, the gene sequence part that has already been
copied from p; to c; is removed from pyy:

(10)

pac=leld|blh]il (11)

1 can be determined by inserting p,.:
ci=|blhlifd[e[flgleld] (12)

¢, can be determined in the same way:
co=lalblclhlglflild]el (13)

4.1.4 Mutation

Mutation is used to maintain population diversity, cre-
ating individuals with genetic information that cannot
be generated only by a crossover. In this research, an
inversion mutation that exchanges the genetic informa-
tion at a position determined by a random number is
used. In the inversion method, when p; shown in Eq.
is chosen as a mutation target, two genes are arbitrarily
selected and the positions are exchanged as follows.

cp=lalbleld|c|flg|h]i] (14)
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In this example, the third and fifth genes of p; are
exchanged to create c;.

4.2 Investigation of the Developed
Method with the Typical TSP

As a verification method, a typical TSP (minimizing
the total path distance) was solved with 10 randomly
distributed cities and the departure point of a sales-
man. Eight-hundred generations were executed by
setting 100 individuals for each generation. It is as-
sumed that the route between the cities is given by
a Euclidean distance and the salesman returns to the
starting point.

Figure [4] shows the history of the solution (total
route distance) obtained by the method outlined in
the previous section. From this figure, the total path
distance decreases with each generation and converges
at approximately 300 generations. An example of the
best individual route obtained for each generation is
shown in Fig. [I] Figure[4(a), which is the initial gen-
eration, has a waste route. Whereas, in Fig. b)—(d),
it can be seen that several paths considered to be effi-
cient are being searched. In particular, Fig. [1fc) and (d)
show almost the same evaluation value, but the routes
are different. This shows that various solutions can be
obtained in the design variable space. In this research
as well, designers can select the route according to the
mission requirements and constraints using the infor-
mation on the optimum route for the debris removal
satellite.

Initial populations
i
Evaluations
(RCSmax’ AVmaX)

No
Non-dominated sorting
¥
Selection
I
Crossover and Mutation
!
Off-springs

Knowledge
discovery

Figure 3: Procedure of multi-objective trajectory opti-
mization of a satellite for multiple active space debris
removal.
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Figure 4: Convergence history of solutions with the
developed algorithm

4.3 Non-dominated Sorting for MoPs

The final goal of this research is multi-objective op-
timization of the orbits of multiple debris removal
satellites. For multi-objective optimization, ranking is
performed by non-dominated sorting (Fig. @), which
was introduced in the Non-dominated Sorting Genetic
Algorithm-II [16]. An elite strategy was adopted to
archive good solutions and take over to the next gener-
ation without genetic operations such as crossover or
mutation.

4.4 Scatter Plot Matrix (SPM)

The solution and design space of the multi-variable
design problem obtained by MOEA are observed using
SPM [17]], which is one of the data mining methods.
SPM arranges two-dimensional scatter plots such as
a matrix among the objective functions and design
variables and facilitates the investigation of the design
problem. Each of the rows and columns is assigned at-
tribute values such as design variables, objective func-
tions, and constraint values. The diagonal elements
show the same plots. Therefore, it can be said that
the SPM shows scatter plots on the upper triangular
part of the matrix and the correlation coefficients on
the lower triangular part as additional information.
modeFrontier™4.2.2 was employed in this study.

5 Results for the Trajectory Opti-
mization of the Multiple Active
Space Debris Removal Satellite

In this research, debris data obtained when China
destroyed the satellite "Fengyun-1C” in an experi-
ment for the development of an anti-satellite weapon
method in 2007 [[6]] was used. In this experiment, the
over 2800 pieces of satellite debris were obtained de-
bris, which is the highest number to date.
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Figure 5: Selected solutions: (a) initial generation, (b)
100th generation, (c)400th generation, and (d) 800th
generation
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Figure 6: Ranking by the non-dominated sorting algo-
rithm.

The orbital altitude of this debris cloud is located
at a high altitude of 800 km; hence, the suspension
time is long and is expected to have a negative im-
pact/influence in the long term. Because each piece
of debris was tracked from the start, 100 individual
debris data which were randomly selected from the cat-
alogue (data table) was used. The frequency distribu-
tion of the RCS considered in this research is shown in
Fig.[7} RCS; is based on the observation data published
by the North American Aerospace Defence Command.

For optimization, the multi-objective problem
shown in the expression[I]in the section [3|was solved.
To obtain information on removal efficiency, four cases
in which the number of debris to be removed was
changed to 2, 3, 4, and 5 were solved. It is assumed
that the removal satellite has been in a parking orbit at
an altitude of 200 km and departed at 0 o’clock on Jan-
uary 1, 2015. Upon reaching each debris, the satellite
conducts a removal operation for 1 h and remains sta-
tionary in that orbit until it has to depart for the next
debris. Evolutionary calculation was carried out with
100 individuals per generation and 2000 generations
were executed.

3 Months after breakup 6 Months after breakup

9 Months after breakup

12 Months after breakup

Figure 7: Three months of tracking data for space de-
bris from the satellite destruction test of Fengyun-1C

[6].
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Figure 8: Frequency distribution of the RCS for 100
pieces of debris that were candidates for removal.
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Figure 9: Non-dominated solutions obtained by the
developed trajectory optimization method.
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Figure 10: Comparison of hypervolume histories.
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5.1 MoP Solutions by Means of MOEA

Figure 9] shows the solution after the 2000th genera-
tion. In this figure, the solutions of Rank 1 and 2 were
plotted. From Fig. [7] the maximum RCS of one debris
is 1.8m?; thus, the maximum value of RCS,, in cases
of removing two, three, four, and five pieces of debris is
3.6m2, 5.4m?%, 7.2m?, and 9.0m?, respectively. In each
case shown in Fig. [9] the resulting RCS;, shows the
maximum possible value. In the figure, the solid line
connects Rank 1, and the dotted line connects Rank
2. According to these lines, AV, was distributed over
a wide range while RCS;,; shows the same maximum
values.

The hypervolume convergence history is shown in
Fig. In each case, converged solutions were ob-
tained, while it is expected to moderately improve
after 2000 generations. This is because the number
of solutions constituting the non-dominated solution
will increase in each case, while the maximum point of
RCS;,; has already been determined.

5.2 Visualization of the Design Problem
with SPM

Figureshows the SPM for each case. The SPM con-
tains two objective functions and the RCS of the se-
lected debris in the rendezvous order. In Fig. a),
both RCS whose debris to be removed show high corre-
lation with both the objective functions. In Fig. [TT|b)
and (c), the RCS of the last debris to be removed (RCS,
And RCS,) is also correlated with both the objective
functions. On the other hand, in Fig. d), the RCS
(RCS3) of the third debris to be removed is correlated
with each objective function; however, the RCS of the
last debris to be removed is not correlated with each
objective function.

RCS, AV

RCS o

0.391

0.410
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The diagonal elements in Fig. [11|show frequency
distributions. Comparing these distributions with
those in Fig. |7|shows the deviation. Looking at the
frequency distribution of RCS; in Fig. [T1]d), it was
found that relatively large debris (RCS over 1.4m?) was
removed. Furthermore, as shown in Fig. a) and (b),
large debris were selected for RCS; and RCS,, respec-
tively. However, in Fig. |11 c) and (d), it was found that
small debris 0.4m? or less were also removed. This
means that large debris should be removed along with
small debris at a convenient position from the point of
orbit transition to improve the overall efficiency. Fig-
ure[T1|d) shows that in the case of removing five pieces
of debris, there is a strong correlation between RC S,
and RCS;3. In fact, when RCSj is large, RCS, is also
large. On the other hand, when RCSj is large, AV
does not necessarily become large. In this way, it is
expected that planning multiple debris removal paths
will become easier if the order in which to remove
larger debris can be decided.

6 Conclusions

In this research, the path optimization of multiple
space debris removal satellites was attempted by ap-
plying the TSP solution by using an evolutionary calcu-
lation method. The optimization problem considered
was the maximization of the sum total of the radar
reflection area that represents the size of the debris
and minimization of the total velocity increment to
rendezvous with the selected debris. Data, including
altitude, for hundred pieces of debris were used to
investigate our methodology. The Lambert problem
was solved for the orbit transition of the removal satel-
lite. In the optimization, order crossover was used as
a crossover method. The reverse order method was

RCS, RCS,

-0.154
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RCS,, AV o, RCS,

used for mutation. Furthermore, as the problem in this
study is defined as multi-objective, non-dominated
sorting for ranking was employed . In investigating
the developed method, multi-objective problems were
used by changing the pieces of debris removed by one
removal satellite from 2 to 5. According to results, the
following information was obtained.

¢ Because the sum of the maximum radar reflection
areas can be calculated from 100 debris candi-
dates in the proposed optimization process, it
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is effective to use TSP solution method in this
problem.

¢ There is a trade-off between the sum of the sizes

of debris to be removed and the total velocity
increment of the removal satellite.

Even when the sum of the sizes of debris to be
removed is the maximum, the total velocity in-
crement was not uniquely determined. Thus, the
total velocity increment should be set as the ob-
jective function.
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Figure 11: Design problem visualization by SPM: removal of (a) two, (b) three, (c) four, and (d) five pieces of
debris.

* By increasing the pieces of removed debris simul-
taneously, the removal operation can be effective
because smaller debris will be removed along
with larger debris.

In the case where five pieces of debris were re-
moved, a positive correlation was observed be-
tween the radar reflection area of the third piece
of debris and the sum of the radar reflection ar-
eas. Such findings can be considered as useful
knowledge for mission planning.
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