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Abstract: Real-time health assessments are of great importance for the safe and stable operation of
in-orbit swarms. To solve the problems of existing real-time health assessments of microsatellite
swarms, such as the difficulty of selecting a multisource and assessment calculation normalization,
this paper proposes a real-time health assessment method applicable to mission-oriented swarms.
The method divides the microsatellite swarm into three levels: single satellite, intersatellite com-
munication link and swarm effectiveness, which establish a multilevel index system by adopting
the reliability evaluation based on random failure and failure by loss, a health evaluation based on
natural connectivity, and a real-time dynamic analysis based on swarm topology. For the swarm
effectiveness during the mission, the multilevel index and the entropy weight method are used to
construct the effectiveness evaluation model of the whole swarm, and the health state evaluation of
the swarm is realized based on the variable weight principle. The simulation results show that this
method can quantify the health state of the microsatellite swarm in real-time, and it can predict the
health state after the fault without maintenance.

Keywords: microsatellite; real-time health assessment; swarm heath; variable-weight synthesis
principle; topology

1. Introduction

Mission-oriented microsatellite clustering technology has become one of the future
trends in space technology development due to its advantages in mission executability,
system robustness, and polarizability [1–3]. However, with the dramatic increase in the
size of the satellites in orbit, the stability, safety, and reliability of the on-orbit operation of
the swarm are challenged [4], and the need for health management techniques for satellite
swarms is imminent. In general, a satellite swarm consists of multiple satellites in concert,
and the failure of a few satellites cannot be considered the failure of the whole swarm. Since
assessing the swarm status is a prerequisite for in-orbit management, health assessment is
of great significance for the swarm health management [5].

The in-orbit real-time assessment of satellite swarm health status has been a difficult
task in the field of health management. The current research objects of in-orbit health
assessment are mainly spacecraft key components and control systems, which are usually
studied based on mathematical models or data. For the satellite attitude control system
(ACS), G. Li et al. [6] improved the fuzzy synthetic evaluation (FSE) method for a quanti-
tative assessment of the satellite attitude control system health, including dimensionless
processing of specified characteristic parameters (CPs), rule-based evaluation, and common
fuzzy synthetic assessment. Fei S et al. [7] proposed a real-time in-orbit health assessment
method for satellite attitude control systems based on multilevel fuzzy comprehensive
evaluation architecture, which can realize the health assessment of attitude control systems.
Haiming Qi et al. [8] introduced the concept of degraded state or partial failure, thoroughly
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analyzed the effects of different failures of the system, and constructed a satellite attitude
control system Petri network model, and the remaining lifetime can be predicted by a large
number of simulations. In the evaluation studies of swarms, the study of the effectiveness
assessment dominates. However, the aforementioned studies rely on experts and large
amounts of data, which lack objectivity and practicality. Y Xiong et al. [9] proposed a
health assessment algorithm combining support vector machine (SVM) and cloud model
to achieve spacecraft power control system health state measurement as a support for
online health assessment and operational decision making of power critical components. B
Pilastre et al. [10] introduced a convolutional sparse model for anomaly detection in mixed
continuous and discrete data, based on evaluation on a representative dataset composed
of real spacecraft telemetry. Such methods incorporate intelligent algorithmic techniques,
and although they are effective for health assessment, they are difficult to model and
represent the impact of components on the swarm. In contrast, research on effectiveness
assessment dominates for swarm systems. Cheng S [11] summarized the current research
on the satellite communication system performance evaluation and proposed the prospect
of applying neural networks in the satellite communication system performance evaluation.
Lorenzo Olivieri et al. [12] studied the risk of space debris caused by large constellation pro-
grams, which may collide with the constellation itself, and proposed a scheme to assess the
vulnerability of the constellation system, so that the lifetime can be maximized. Although
the above-mentioned literature assesses the communication status and collision risk of the
constellation system, it is not enough to reflect the overall health of the constellation.

To address the above issues, this paper proposes a real-time health assessment al-
gorithm that integrates single satellite, intersatellite communication links, and swarm
mission effectiveness based on the time-varying characteristics of mission-based swarm
topology. Compared with the spacecraft assessment algorithm, this method fully considers
the influence of intersatellite communication and swarm effectiveness on the health state.
Firstly, the swarm health status is defined and an evaluation model is developed. Secondly,
we calculate the health state based on the single satellite, the intersatellite communication
and the swarm effectiveness. Then, the principle of variable power is introduced to deal
with the case of unexpected failure. Finally, the method is applied to a swarm of modular
microsatellites performing autonomous stitching missions. The health degree calculation
and health state assessment of the time-varying swarm are realized by simulation.

2. Swarm Health State Model
2.1. Model of the Health State

The health status of a swarm of microsatellites is time-varying, and for this reason, the
health degree (H) is used to quantify its health. Swarm health (Hswarm) is defined as the
degree of resistance to the destruction of the constituent elements and swarm topology and
the degree of the ability to meet mission requirements within a continuous-time. Based on
the above analysis, the swarm can be divided into three parts: single satellite, intersatellite
communication link, and swarm effectiveness, but the swarm topology is complex and
intertwined, and each part affects the others. Therefore, the health of a microsatellite swarm
can be expressed in a triad as

Hswarm = Θ(Hsat, Hlink, Eswarm) (1)

where Hsat is the total health of all individual stars in the swarm system, Hlink is the total
health of the intersatellite communication links, and Eswarm is the swarm effectiveness,
which indicates the degree of mission accomplishment. Θ indicates that the health of the
swarm system is determined by a mathematical relationship between the three parameters.

2.2. Determination of Health Levels

To describe the health state intuitively and reduce the computational complexity, the
health state is divided into three health classes: Health (H), Sub-Health (SH), and Fault
(F). The determination of the health classes belongs to the clustering problem by nature,



Appl. Sci. 2022, 12, 5605 3 of 14

for which three experts are invited to contribute to this paper, and the gray clustering
method [13] is used to ultimately obtain the health state classes, as shown in Table 1.

Table 1. Health status level.

Health Status Level Healthiness Interval Description

Health (H) [0.8000, 1.0000]

The healthiness of the evaluation object is
in the safe range, i.e., the single satellite
can operate normally and stably/the
intersatellite communication is
smooth/the swarm function is normal,
and it is in a stable state, and the
probability of failure is small.

Sub-Health (SH) [0.4500, 0.7999]

The health of the evaluated object reaches
the boundary of the safety range, and the
performance has a tendency to degrade,
but it does not considerably affect the
overall mission or function with a higher
probability of failure.

Fault (F) [0.0000, 0.4499]

The health of the evaluation object is
considerably below the safety range with
abnormal function and in-orbit mission
incompletion, and failure occurs.

3. Real-Time Health Assessment Algorithm

Since intersatellite links are usually bidirectional, based on graph theory [14], the
topology of a swarm of microsatellites at a specific moment can be represented by an
undirected graph as follows.

G(t) = (V(t), E(t)), 0 ≤ t ≤ T (2)

where V(t) is the set of all satellites in the swarm at moment t, E(t) is the set of interstellar
communication links at moment t, and T is the lifetime of the swarm. Without loss of
generality, the following assumptions are made for the swarm.

1. All satellites are of the same type and model and are equivalent to nodes in a
swarm system;

2. The swarm contains N satellites and M communication links at t;
3. The swarm has sensors that measure state quantities (three-axis positions, etc.), and

they are capable of real-time error analysis against the desired values.
4. The topology of the swarm is stable until the next change occurs after the topology of

the swarm has been altered;
5. The failure forms are transient failure and degradation failure.

3.1. Single Satellite Health Assessment Algorithm

For the health assessment of a single satellite in a swarm system, it is necessary to
first consider the health of the single satellite itself, and then the degree of its impact on
the system performance. The former uses a reliability analysis [15] to model the health of
single satellites; the latter uses the method of topological node importance [16] to describe
the degree of association between single satellite and the health of the swarm.

For a steady swarm topology diagram containing N satellites and M communication
links given by G(t), the following definitions are given.

Definition 1. Interstellar distance dij: The shortest path between satellite vi and satellite vj. When
there is no link between vi and vj, dij →∞.
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Definition 2. Satellite tightness Ci: The reciprocal of the sum of the distances of satellite vi to all
other satellites [15].

Ci =
N − 1
N
∑

j=1,j 6=i
dij

(3)

The satellite tightness evaluates the satellite importance from a system-wide perspec-
tive, which reflects the ease of access to other satellites in the swarm system, and the satellite
importance increases with the increasing tightness.

Definition 3. Satellite mesonumber Bi: The ratio of the number of satellites passing through the
shortest path of all pairs of satellites in the swarm topology [15].

Bi =
2

N
∑
j

N
∑
k

gjk(i)
gjk

N(N−1) j 6= k 6= i, j < k
(4)

where gjk is the number of shortest paths between satellite vj and vk, gjk(i) is the number of passing
satellites vi in gjk, and gjk(i)/ gjk is the contribution of vi to the number of satellites vj and vk
mediators, which can reflect the satellite position information.

Definition 4. Swarm importance contribution matrix (SICM) [15].

SICM =


1 C2

d12
· · · CN

d1N
C1
d21

1 · · · CN
d2N

...
...

. . .
...

C1
dN1

C2
dN2

· · · 1

 (5)

where element 1 on the diagonal of the matrix represents the value of the satellite’s contribution to
its importance; element Cj/dij represents the value of the vi satellite’s contribution to the importance
of other satellites in the swarm topology.

Definition 5. The importance I(vi) of satellite vi: depends on the location information of the
satellite and its correlation with other satellites; thus, the satellite importance model consists of the
satellite mesonumber Bi and the satellite vi contribution Cj/dij together.

I(vi) = Bi ×
N

∑
j=1,j 6=i

BjCj

dij
(6)

The normalization process leads to the following values of satellite importance weights.

ω(vi) =
I(vi)

N
∑

i=1
I(vi)

(7)

To model satellite reliability, the failure rate is usually used as an indicator to character-
ize reliability, and the factors affecting health generally include sudden failure and attrition
failure. According to the statistical data, the failure probability of a spacecraft satisfies the
“bathtub curve” [17], so the Weibull distribution and the normal-terrestrial distribution are
used here for failure simulation.

The satellite random failure reliability obeys the Weibull distribution as follows [17].

R(t, η, β) = e−(
t
η )

β

(8)
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where η is the scale parameter, indicating the characteristic lifetime, and β is the shape
parameter. The satellite loss failure reliability obeys a normal distribution as follows.

Rloss(t) =
∫ ∞

t

1
σ
√

2π
e−

(t−µ)2

2σ2 dx (9)

where µ is the expected value and σ is the standard deviation. Considering the reliability
distribution of sudden failure and loss failure together, the satellite reliability model is
as follows.

Rvi(t) = e−(
t
η )

β∫ ∞

t

1
σ
√

2π
e−

(t−µ)2

2σ2 dx (10)

where Rvi denotes the reliability value of satellite vi(i = 1, 2, · · · , N) in the swarm system.
Combining the satellite reliability with the satellite weight values, the single-satellite health
degree can be further collated as follows.

Hsat =
N

∑
i=1

Rvi ×ω(vi) (11)

3.2. Interplanetary Communication Link Health Assessment

Assuming that information transmission delay and the packet loss are not considered
and the channel has sufficient bandwidth, a destructiveness-based approach is generally
adopted to confirm the link importance in the topology. The judging index is the natural
connectivity [18], which reflects the redundancy of the intersatellite alternative paths and
indicates the degree of intersatellite connectivity even after a link failure. Combining the
above analysis, the following definition is given.

Definition 6. Intersatellite correlation matrix A(G) =
{

aij
}

N×N : The elements of the matrix
indicate the presence or the absence of communication links between satellites. If there is a link
between vi and vj, aij = 1; otherwise, aij = 0.

Definition 7. The natural connectivity is
−
λ(G): The average value of all characteristic roots of

A(G) concerning the natural logarithm, the natural exponent [18].

−
λ(G) = ln

(
1
N

N

∑
i=1

eλi(G)

)
(12)

where λi is the characteristic root i of A(G). The larger the natural connectivity
−
λ is, the more

resistant the connection is to destruction. When the link ei fails, the recalculated natural connectivity

is denoted by
−
λ(G− ei).

Definition 8. Link importance I(ei): can indicate the link importance, and the expression is
as follows.

I(ei) = 1−
−
λ(G− ei)
−
λ(G)

(13)

The normalization process leads to the following link importance weight values.

ω(ei) =
I(ei)

M
∑

i=1
I(ei)

(14)
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In this paper, when performing link analysis, the default satellites are visible to
each other, and only the reliability of the communication link transmission needs to be
considered. According to the reliability knowledge, the intersatellite link reliability can be
expressed as follows.

Rei(t) = e−λeit (15)

where λei denotes the failure rate of link ei(i = 1, 2, · · · , M), which can be obtained from the
Monte Carlo simulation based on historical data. Combining the interstellar link reliability
with the link weight values and further collating, the interstellar communication link health
can be derived as follows.

Hlink =
M

∑
i=1

Rei ×ω(ei) (16)

3.3. Star Swarm Mission Effectiveness Assessment

Since the errors between the actual and the expected values of mission-based swarm
telemetry data can reflect the degree of mission accomplishment, this paper adopts the
hierarchical analysis method to construct a reasonable swarm effectiveness assessment
model according to the principles of completeness, hierarchy, and feasibility. To reduce
the computational complexity of the dimensionless processing and avoid taking up more
satellite resources, the input data are selected as the three-axis position, three-axis attitude,
and energy consumption with the expected errors. The steps are as follows.

Step 1: A reasonable model of the effectiveness evaluation index system is established,
and the structure of the system is shown in Figure 1.
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Figure 1. Star Swarm Effectiveness Assessment Model.

In the figure, E denotes the swarm effectiveness, the primary indicator Ei(i = 1, 2, · · · , N)
denotes the effectiveness of satellite i, and the secondary indicator Eij(i = 1, 2, · · · , N; j =
1, 2, · · · , 7) denotes the status of indicator j of satellite i.

Step 2: Data are obtained with respect to the error between the measured and expected
values of the metric.

Step 3: The entropy weighting method [19] is used to determine the weights of
each index.

The entropy weight method in the objective assignment method is used to determine
the weights of each index, which can reduce the interference of subjective factors. Assuming
that the normalized value of each error Eij of the secondary index is zij, the value of the
secondary index weight pij is as follows [19].

pij =
zij

7
∑

i=1
zij

(17)
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The primary indicator weights are obtained from the following steps.

ri = −
1

ln 7

7

∑
j=1

pij ln(pij) (18)

zi = 1− ri (19)

ωi =
zi

N
∑

i=1
zi

(20)

where ri denotes the information entropy of each secondary indicator, zi denotes the
information utility value, and ωi is the primary indicator weight value.

Step 4: The combined swarm effectiveness is calculated.

Eswarm =
N

∑
i=1

ωi

N

∑
i=1

7

∑
j=1

pij × zij (21)

3.4. Variational Power Synthesis Theory

The weights calculated in the above assessment are constant, but the health status of
each satellite in the swarm is dynamically changing, and the role of low-weight factors
often becomes important when transient satellite failures occur. Therefore, it is necessary to
introduce a variable weighting method to adjust the weights to overcome the limitations of
the constant weight assessment.

Combining the literature [20] and assuming that X = (x1
r, . . . , xk

r) is the state vector
of factor xi(i = 1, . . . , k), W = (ω1, . . . , ωk) is the constant weight vector of factor xi(i = 1,
. . . , k), and S(X) = (S1(X), . . . , Sk(X)) is the state variable weight vector. The variable
weight vector of factor xi(i = 1, . . . , k) can be obtained from the Hadamard product
as follows.

W(X) =
W·S(X)

k
∑

i=1
(ωiSi(X))

=
(ω1S1(X), · · · , ωkSk(X))

k
∑

i=1
(ωiSi(X))

(22)

where Si(X) = e−αxi is determined by the expert based on the actual situation.

3.5. Health Assessment Based on Nonlinear Weighting and Time-Series Dependence

The uncertainty and ambiguity of the space environment enable a nonlinear evaluation
of the satellite health state, considering that in a swarm system, the components of a single
satellite, intersatellite communication link, and swarm effectiveness affect each other;
moreover, the health degree Hswarm(t) of the current moment of the swarm is influenced by
the health state of the previous moment, i.e., there is a time-series dependence relationship.
Therefore, a nonlinear weighting method [21] is used to construct the swarm health model
under temporal dependence as follows.

Θ = Hsat(vi)
k1 ·Hlink

k2 ·Eswarm
k3 (23)

Hswarm(t) = Θ(Hsat, Hlink, Eswarm) + σ(Hswarm(t− 1))
= Hsat

k1 ·Hlink
k2 ·Eswarm

k3 + σ(Hswarm(t− 1))
(24)

where σ is the time series function and k1, k2, k3 is the influence parameter obtained from the
degree of influence of each part of the swarm system. The primary exponential smoothing
method was chosen and fitted to the health degree values obtained from several consecu-
tive trials.

Hswarm(t) = Hsat
k1 ·Hlink

k2 ·Eswarm
k3 + (1− α)Hswarm(t− 1) (25)

where α ∈ [0, 1] is the weighting factor, which is generally obtained by fitting with historical
data and satisfies k1 + k2 + k3 = α. The complete swarm health state assessment algorithm
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is shown in Figure 2. The process is as follows: firstly, single satellite, intersatellite commu-
nication and effectiveness assessment parameters are entered. Next, the health is calculated
by the health assessment algorithm. Then, failure analysis is performed by variable weights.
Finally, the health assessment results are output by the nonlinear synthesis.
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4. Simulation and Analysis

To verify the effectiveness of the evaluation algorithm, this paper analyzes the health
status of the swarm in the context of the task for stitching the main mirror of a space
telescope by a swarm of stars in orbit, and the task scenario is shown in Figure 3. The
parent platform releases modular microsatellites in the target orbit, and the swarm performs
the task of stitching the primary mirror, which eventually changes into a space telescope
from the initial disorderly distribution. This process can be divided into three stages: the
initial stage, the stitching procedure and the completion of the stitching. The dashed box
indicates the relationship between the single satellite, the intersatellite communication
topology, and the swarm effectiveness.
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4.1. Simulation Parameters

In this paper, MATLAB software is used to evaluate the health status of the swarm in
the above scenario. The parameters of the swarm model are set as shown in Table 2, and
the parameters of the effectiveness evaluation index are shown in Table 3.
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Table 2. Star swarm model parameters.

Parameter Value

Satellite lifetime 12 × 8.76 × 103 h
End of lifetime 10 × 8.76 × 103 h

Number of satellites (N) 62
Several InterSat Comm. Links (M) 175

Scale parameter (β) 1.46
Shape parameter (η) 2.96742 × 105

Communication range (R) 400 m

Table 3. Performance evaluation index parameters.

Parameter Value

X-axis position error 0.12420713
Y-axis position error 0.090394914
Z-axis position error 0.25590956
X-axis attitude error 0.19691368
Y-axis attitude error 0.099702608
Z-axis attitude error 0.09746243

Energy consumption error 0.135409679

4.2. Simulation Results
4.2.1. Normal-to-Life Health Assessment Simulation

Assuming that the on-orbit operational lifetime of the swarm reaches the normal
operating time, i.e., normal to life, a health assessment of the swarm is performed to verify
the validity of the assessment algorithm in the following steps.

1. According to Equations (8)–(10), the reliability curve of a single satellite is shown in
Figure 4a;
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2. Combining Equations (3)–(7) and calculating the weights of each satellite, the reliabil-
ity curves of all satellites of the swarm can be obtained, as shown in Figure 4b;

3. Similarly, from Equations (12)–(16), we can find the weight values of each satellite
and communication link in the swarm, and then obtain the reliability curves of all
intersatellite communication links, as shown in Figure 5;
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Figure 6. Swarm health curve model.

As observed from Figure 6, the health of the swarm first decreases smoothly with
time in the normal-to-life condition, and then enters the Subhealth stage from the Health
stage at approximately 6.7 × 104 h. The health changes to a rapid decline at this stage and
enters the failure-prone stage at approximately 9.8 × 104 h (approximately 11 years), and
the whole process is consistent with the general spacecraft failure “horsetail curve”. The
general swarm works together to form a virtual large satellite, and thus, the health state
of the swarm is similar to that of a general large satellite, which further demonstrates the
effectiveness of the real-time health assessment algorithm in this thesis.

4.2.2. Simulating a Health Assessment in Case of Failure

Three points of time (t1, t2, t3) are selected: the initial moment of autonomous splicing,
the moment of splicing progress, and the moment of splicing completion. Then, the variable-
weight Equation (22) is used to perform fault analysis for the swarm. The simulation
conditions are as follows.

1. The center of the communication range of the initial distribution is the origin of the
coordinate system.

2. The small sphere and the square hexagonal prism represent the unstitched and
the stitched satellites, respectively, and the large transparent sphere represents the
star swarm.

3. Red indicates malfunction, and yellow and green indicate subhealth and health
status, respectively.

For the three selected moments t1, t2, t3, the health status assessment is carried out
assuming that there is no satellite failure, eight satellite failures, and twenty satellite failures,
and the results are obtained as shown in Figures 7–9.
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Figure 8. Health assessment results at moment t2: (a) No satellite failure case; (b) Eight satellite
failure case; (c) Twenty satellite failure case.
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Figure 9. Health assessment results at moment t3: (a) No satellite failure case; (b) Eight satellite
failure case; (c) Twenty satellite failure case.

Simulations for three moments show that the swarm health decreases with the number
of simultaneous failed satellites. At the initial moment, the swarm health Hswarm = 0.8763
for no satellite failure drops to 0.5375 for eight satellite failures and drops to 0.4493 for
twenty satellite failures. At the splicing moment, the swarm health Hswarm = 0.8579 for no
satellite failure drops to 0.5243 for eight satellite failures and drops to 0.4377 for twenty
satellite failures. After the stitching is complete, the swarm health Hswarm = 0.8578 for no
satellite failure drops to 0.5276 for eight satellite failures and drops to 0.4432 for twenty
satellite failures.

Figure 10a,b show the swarm health curves from the satellite’s failure and commu-
nication link failure, respectively. It can be seen from the figures that the swarm health
decreases instantaneously after a fault launch, and the satellite’s fault exhibits a more
fluctuating effect on the swarm health than the communication link fault. Swarm health
is more dependent on the satellite’s health. In fact, by establishing the above health state
model and the fault model, the impacts of other faults on the swarm can be analyzed, which
represents a good guideline for swarm health state assessment.
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5. Conclusions

In this paper, a nonlinear weighted real-time health assessment method is proposed for
the mission-oriented microsatellite swarm health assessment based on the single-satellite
state, intersatellite communication topology, and swarm effectiveness requirements, which
solves the problem of difficult health evaluation caused by the complex swarm system.
The simulation results show that the method is well justified, especially the introduction of
communication links, which reduces the subjectivity of the evaluation. Based on the health
assessment results, the extent to which each level of failure (different number of satellite
failures, different number of communication link failures) affects the health of the swarm
can be determined, so that maintenance strategies can be specified in a targeted manner. At
the same time, through the health-state-time curve, it is possible to know the health-state
of the swarm by knowing the working lifetime of the satellite swarm only. The accuracy
of swarm health assessment can also be improved by further enriching the fault states or
further optimizing the nonlinear weighting process. It should be noted that only transient
failure cases are considered in this paper. Swarm systems will spread and propagate
failure information through communication links and are usually in a multi-failure and
maintenance coexistence state, which make mission-oriented swarm health assessment
studies more challenging.
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