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1 Introduction
With the maturing technology and decreasing cost of various links in the satellite indus-
try chain, many commercial companies have launched satellite Internet development 
plans, among which Starlink, Telesat, and OneWeb are at the forefront of the indus-
try. Moreover, the data shows that 2,460 satellites are operating in orbit worldwide in 
2019. A large number of satellites are interconnected by inter-satellite links to constitute 
a satellite network. At the same time, the satellite network holds the characteristics of 
periodicity and time-varying. After launching into orbit, satellites usually face the fol-
lowing three problems. To begin with, satellite nodes are poorly concealed and easily 
detected and predicted which leads to being easily damaged by anti-satellite satellites, 
laser weapons, and other weapons. Next, due to satellite systems being in an extremely 
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harsh space environment, satellite nodes and inter-satellite links are prone to random 
failures at any given moment. Finally, this situation that the failure of satellite nodes can-
not be repaired will have serious consequences on the regional satellite network such as 
reduced connectivity, performance degradation, and even paralysis of the entire network 
[1]. Therefore, analyzing the topology of the satellite network and mining the key nodes 
in the satellite network is of great significance for the construction and improvement of 
the satellite network, as well as ensuring the reliability and security of the satellite net-
work [2, 3]. Recently existing research recognizes that identifying key nodes can play an 
important role in addressing the issue of solving practical problems in satellite networks. 
Zhang et al. [4] develop a temporal centrality-balanced traffic management scheme that 
accounts for the temporal features of the networks based on temporal centrality. Zhang 
et al. [5] find a feasible scheme that a dependent failure approach is presented to iden-
tify the faulty links in satellite networks so as to overcome the limitations of traditional 
independent failure methods by means of node importance evaluation. Wang et al. [6] 
discover similarities between the agile earth observation satellites (AEOSs) redundant 
targets scheduling problem and the node centrality ranking problem and propose a fast 
approximate scheduling algorithm (FASA) which is helpful in AEOSs scheduling prob-
lems by introducing the theory of complex networks. Zhou et al [7] design an intelligent 
backup multi-path ant colony routing algorithm (IMB-ACR) to set backup routes for 
original routes containing key satellite nodes, thus improving the anti-destructive and 
resilient ability of satellite networks while reducing time overhead.

In recent years, scholars have conducted a series of studies on the evaluation of sat-
ellite node importance around the network structure characteristics of satellite net-
works [4–11]. Some of these scholars carry out research from the perspective of static 
networks, abstracting satellite networks into static networks connected by points and 
edges, and then obtaining the importance of satellite nodes based on their location 
importance, propagation dynamics characteristics, and dependencies between nodes 
[5–8]. Despite the progress of such methods, real satellite networks change continuously 
over time, and the links between satellite nodes are intermittently disconnected and 
connected over time, which makes the above static network-based studies considerably 
limit the effectiveness and reliability of the research results for application in real satel-
lite networks. Therefore, scholars have started to consider identifying the importance of 
satellite network nodes from the perspective of temporal networks. The most important 
feature of the temporal network is the introduction of time attributes. With the addition 
of time attributes, the traditional static topology is also changing, presenting a situation 
that the correlation between nodes is not constant but appears and disappears intermit-
tently with time [12]. Temporal networks can reflect the real system more accurately 
and have the properties of causality and dynamism that static networks do not have [13, 
14]. Another part of scholars divides the satellite network into time slices to obtain the 
topology of all time slices. For a certain time slice, the betweenness centrality in complex 
network theory is selected to identify the key nodes, which is the ratio of the shortest 
path through the nodes in the satellite network to the shortest path of the whole net-
work, and the higher the betweenness value of a node, the more important the node is 
[4, 9–11]. Although this type of method can well identify the key nodes of a certain time 
slice, it ignores the interaction relationship and interaction sequence between satellite 
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nodes within different time slices, and cannot reflect the inter-layer coupling relation-
ship between different time slices.

To address the above problems, the evaluation method of node importance in tempo-
ral satellite networks based on time slot correlation is proposed, which can completely 
represent the structural characteristics and time-varying features of temporal satel-
lite networks. The main advantages and contributions of this paper are summarized as 
follows. 

(1) The time slots are obtained by merging adjacent time slices with the same topol-
ogy, which contribute to the accurate identification of stable topologies and survival 
periods within the operating cycle.

(2) Time slot correlation is proposed to accurately depict the connection relationship 
between nodes in adjacent time slots.

(3) The DSAM temporal network model based on time slot correlation is proposed 
to properly depict the temporal satellite network, which takes into account the 
connection relationship of nodes within time slots, the connection relationship 
between nodes in adjacent time slots, and the variability of the time duration of 
adjacent time slots.

(4) The evaluation method of node importance in temporal satellite networks based 
on time slot correlation is proposed, which evaluates the importance of nodes in 
satellite networks from each time slot as well as the global perspective separately. 
Through experimental analysis, the method has a relatively accurate recognition 
rate.

The rest of the paper is structured as follows: Sect 2 cites the recent related works to our 
work. Section 3 introduces preliminaries. Then, Sect. 4 focuses on the proposed method 
to identify the key nodes based on time slot correlation in temporal satellite networks. 
Next, the experimental results and discussions are presented in Sect. 5. Finally, results 
and discussion are provided in Sect. 6.

2  Related works
Currently, identifying key nodes is one of the research hotspots in the field of network 
science research which is also attracted the attention of scholars. Many traditional 
algorithms have been derived from the perspective of network topology, includ-
ing degree centrality (DC) [15], betweenness centrality (BC) [16], closeness central-
ity (CC) [17], eigenvector centrality (EC) [18], k-shell centrality (KS) [19]. However, 
the real complex networks are constantly evolving and changing, and the interaction 
between nodes in the network is intermittent and time-varying. As a result, the tra-
ditional identification method of key nodes based on the static network is no longer 
reliable. In order to overcome the shortcomings of traditional methods, a series of key 
node identification algorithms suitable for temporal networks is proposed. Tempo-
ral degree centrality focuses on the volatility of degree values of nodes in a temporal 
network during the time change, which is measured by obtaining the mean value of 
degree values at different time points [20]. Wang et al. [21] take the standard devia-
tion of the degree value at different time points based on the time window model and 
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use the deviation value to sort the importance of the nodes in order to obtain the vol-
atility characteristics of the degree value. Tang et al. [22] not only reconsider the path 
and distance in the temporal network based on the time window graph model but 
also analyze the evolution of the network from a local and global perspective and pro-
pose temporal paths and temporal distances. Tang et al. [23] propose the calculation 
method of temporal betweenness centrality and temporal closeness centrality based 
on betweenness centrality and closeness centrality in static networks, which needs to 
consider not only the calculation of shortest paths in independent window graphs but 
also the duration of information retained by nodes related to shortest paths in adja-
cent window graphs. KIM et al. [24] propose the betweenness centrality and closeness 
centrality of nodes combined with temporal network characteristics based on the 
temporal network model of obvious path flow. In the temporal network represented 
by an ordered multi-layer graph, Taylor et al. [25] firstly construct a supra-adjacency 
matrix containing inter-layer relations and intra-layer relations with a dimension of 
NT× NT. Then they calculate the principal eigenvector of the supra-adjacency matrix. 
Finally, they map the eigenvector to an N × T matrix and analyze the matrix to dynam-
ically identify important nodes at different times. In the temporal network, GARAS 
et al. [26] create snapshots of the network and propose the identification method of 
key node based on K-shell, which first performs K-shell decomposition in different 
blocks separately and obtains the instantaneous kernel values of the nodes, then feeds 
the dynamic kernel values into the static network, and finally analyzes the kernel val-
ues of the edges in the network so as to obtain the global temporal kernel values of 
the nodes.

In recent years, scholars have started to conduct a series of studies on node impor-
tance identification in temporal satellite networks. Zhang et  al. [27] summarize the 
temporal network types and representation methods to establish a network model of 
temporal networks, and select space information networks as simulation objects to 
demonstrate the advantages of temporal networks in the study of vulnerability. Zhang 
et al. [8] propose an improved method to evaluate the importance of satellite nodes, 
where the importance of a satellite node depends on the location of the satellite and 
the contribution value of its neighboring nodes. The position of a node is deter-
mined by its betweenness, and the contribution value is influenced by the between-
ness and closeness of its neighboring nodes. Zhu et al. [9] select node betweenness, 
node closeness, and node distance as node importance metric parameters to pro-
pose a node importance evaluation method in the steady-state satellite network, and 
finally combine the topological graph weights to derive the node importance evalu-
ation algorithm in satellite time-varying networks. Wei et  al. [10] redefine the con-
cept of satellite node closeness centrality to measure the closeness between nodes in 
a satellite network, thus proposing a method to evaluate the importance of satellite 
nodes based on closeness centrality, which is simple and effective. Wang et al. [11] use 
the time-cumulative graph techniques (C-TVG) to model satellite networks and pro-
pose a method to identify key nodes in LEO satellite networks (PKN), which uses the 
betweenness as an indicator to quantify the importance of satellite nodes. The above 
methods ignore the inter-layer coupling relationship between different time slices, 
and thus cannot accurately depict the temporal satellite network.
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The SAM model is an effective means to identify key nodes in a temporal network, 
which takes into account the structural evolution and dynamics of the temporal net-
work and can effectively avoid the above problems. However, only a fixed parameter is 
applied to represent the inter-layer relationships between adjacent times without meas-
uring the differences in the connectivity relationships between adjacent time nodes in 
the construction of the hyper-connectivity matrix. Since the movement of satellite nodes 
is periodic and the corresponding topological structure of adjacent time may be the 
same in satellite networks, merging adjacent time slices with the same structure helps 
to reduce the computational cost. The research of this paper can be summarized as fol-
lows. In the first instance, a series of time slots are generated by merging adjacent time 
slices with the same structure, so that the node correlation coefficients of time slots can 
be utilized to express the connection relationship of nodes in different time slots. In the 
next place, the dynamic supra-adjacency matrix (DSAM) is constructed according to the 
time slot correlation. Afterward, the importance values of nodes in each time slot are 
obtained by the method of eigenvector centrality which is utilized to analyze the trend 
of node importance values over time. To wind up with, the node importance values from 
the global perspective are obtained according to the different proportion of time slots.

3  Preliminaries
3.1  Modeling of temporal satellite networks

Satellite networks are characterized by highly dynamic changes in network topology, 
frequent changes in inter-satellite links, and multiple types of services, etc. Therefore, 
the connectivity of inter-satellite links is only considered without involving the specific 
services on the links when constructing the topology of the satellite network. According 
to the periodic characteristics of satellite networks, the topology of satellite networks is 
finite and shows regular changes within a cycle. Therefore, the temporal satellite net-
work is modeled as G = (T, S), where T represents the observation time of the satellite 
network. The value range of T is [ TB , TE ], where TB and TE respectively represent the 
start time and end time of the observation. T is usually chosen for one full cycle of con-
stellation operation. S = { S1 , S2 , S3 , …, Sn } denotes the set of time slices, where Si denotes 
the network topology corresponding to the i-th time slice.

The time slice Si is usually denoted by the triplet Si = ( Vi , Ei , Ti ), which is a processing 
method for static networks. Since inter-satellite link communication is mutual in satel-
lite networks, an undirected graph is used to represent the time slice Si , in which satel-
lites are abstracted as nodes and inter-satellite connected links are abstracted as edges. 
Although the positions of satellite nodes in the satellite constellation change dynami-
cally, the number of satellite nodes always remains the same. Hence there are a consist-
ent number of Vi in any time slice Si . In the time slice Si , the links between satellite nodes 
are continuously connected, regardless of information such as connection duration and 
frequency. In most cases, the entire observation time is divided equally into N consecu-
tive non-overlapping time slices, and the duration of each time slice Si is equal which is 
defined as Ti  = ( TE - TB)/N, the value of i belongs to [1, N]. A temporal satellite network 
can be composed of a series of dynamically changing time-slice topologies. Moreover, 
the topology of each time slice can be represented by an adjacency matrix. In the time 
slice Si , amn(Ti) is defined as the element of the corresponding adjacency matrix A(Ti) , 



Page 6 of 23Xu et al. J Wireless Com Network        (2021) 2021:188 

which is utilized to represent the connection relationship between node m and node n. 
If there is a link between node m and node n, amn(Ti) is represented by 1, otherwise, it is 
represented by 0. Combining the data of each time slice in the satellite network in Fig. 1, 
the corresponding adjacency matrix can be obtained, as shown in Fig. 2.

3.2  SAM temporal network model

The eigenvector centrality for static networks is to obtain the importance value of each 
node by calculating the principal eigenvector of the adjacency matrix. Further, Taylor 
et al. [25] propose the SAM model by integrating the inter-layer and intra-layer relation-
ships in the temporal network. On the basis of the SAM model, the joint centrality of 
the node-time layer pair is used to express the centrality of node i in the time layer t, 
and the marginal node centrality and the marginal time layer centrality are respectively 
represented as the importance of nodes and time layers. So that key nodes in different 
time layers can be dynamically identified. The SAM model is composed of T × T  block 
matrices, all of which are N × N  matrices. Among them, the main diagonal reflects the 
intra-layer connectivity and contains T block matrices, which are represented by the 
adjacency relations A(1) , A(2) , A(3) , …, A(T ) of different time layers in the temporal net-
work. Besides, the 1-th diagonal and − 1-th diagonal reflect the inter-layer connectivity, 
both containing T − 1 block matrices, and the closeness of the inter-layer connectivity 
can be adjusted with parameter ω . The SAM temporal network model is as follows.

Fig. 1 Satellite network topology based on time slices

Fig. 2 Representation of the adjacency matrix in the case of equal length of time slices
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In Eq. (1), A(t) is the intra-layer connection relationship of the corresponding time layer 
at time t, which are all N × N  adjacency matrices sequentially distributing on the main 
diagonal. The value of t is between [1, T]. Moreover, T − 1 elements ωI form the 1-th 
diagonal and − 1-th diagonal, which are used to reflect the inter-layer connection rela-
tionship of adjacent time layers. I is a unit matrix of N × N  and the parameter ω takes 
values in the range [0.1,1.0]. All other elements in matrix A are 0.

4  Methods
4.1  Merging identical time slices

According to the setting in Chapter 2, time slices S1 , S2 , …, Sn with the same duration 
are adopted in this paper to describe the time-varying characteristics of the satellite net-
work. In a satellite network, the links between satellite nodes are connected and discon-
nected with a certain regularity, and thus the topology of time slices formed by these 
nodes has a survival period. During the survival period, no link connection or discon-
nection occurs between satellite nodes to keep the topology stable, and the duration of 
the survival period may be one or more time slices. The adjacent time slices with the 
same topology can be merged to obtain the time slot sequence P1 , P2 , …, Pn whose dura-
tion of survival is denoted as TSi . The above process can be shown in Fig. 3, where there 
are a series of time slices S1 , S2 , …, Sn with equal time. Assuming that the duration of 
each time slice is 1s, a series of time slots P1 , P2 , …, Pm are obtained after merging adja-
cent time slices with the same topology. At the same time, the corresponding duration of 
each time slot is obtained as TS1 , TS2 , …, TSm.

Within the observation range T of the satellite network, the time slot sequence reflects 
the evolution of the satellite network over time. Besides, the uneven distribution of the 
time slot survival duration also reflects the variability of the weights of each time slot. 
Therefore, the weight of each time slot can be set as wi , and the weight matrix composed 
of each time slot can be expressed as follows.

4.2  Time slot correlation

In the temporal network, the coupling relationship of adjacent time slots can be meas-
ured by local correlation, and the indicators from the local perspective can be divided 
into two categories. For one thing, the first type of metrics is measured from the nodes’ 
own neighbors on the adjacent time slots, including the common neighbor (CN) [25] 
and the normalized metrics derived from CN. For another, the second type of metrics is 
measured from the perspective of common neighbors of nodes on adjacent time slots. In 
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this paper, the above two factors are comprehensively measured to obtain the correlation 
coefficient of time slot nodes which is as follows.

Where aij(t) and aij(t + 1) respectively denote the elements in the adjacency matrix cor-
responding to the adjacent time slots Pt and Pt+1 . If there is a link between node i and 
node j in the time slot Pt , aij(t) = 1. Otherwise, aij(t) = 0. If there is simultaneously a link 
between node i and node j in the time slots Pt and Pt+1 , aij(t)aij(t + 1) = 1. Otherwise, aij
(t)aij(t + 1) = 0.

In a temporal satellite network, the correlation coefficient of time slot nodes reflects 
the adjacency relationship between nodes in adjacent time slots and the possibility of 
continuous occurrence of nodes. When the coefficient is large, there is a stable link 
between the satellite nodes in two adjacent time slots, and most of the satellite nodes 
that work continuously remain online for a long time. When this coefficient is small, 
the proportion of continuously working satellite nodes as well as stably existing links 
in two adjacent time slots is small, which reflects that the topological structure of 
the satellite network changes drastically. A diagonal matrix is constructed to repre-
sent the time slot correlation based on the correlation of adjacent time slot nodes, as 
shown in Eq. (4).

(3)Cj(t, t + 1) =

∑

i

aij(t)aij(t + 1)

min
[∑

i

aij(t),
∑

i

aij(t + 1)
] .

Fig. 3 Diagram of merging identical time slices
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In Eq. 4), Cj(t,t + 1) is the correlation coefficient of adjacent time slot nodes, which indi-
cates the correlation of node j in time slot t and time slot t + 1. These node correlation 
coefficients are all on the diagonal. On the contrary, the remaining elements are denoted 
by 0.

4.3  DSAM model based on time slot correlation

In the classical SAM temporal network model, the connection relationship of each 
node in adjacent time is mainly expressed by the parameter ω , ignoring the varia-
bility between nodes. On the contrary, the connection relationship of each node in 
the adjacent time should be treated differently, so as to reflect the characteristics of 
the dynamic change of the nodes in the satellite network. In this paper, an improved 
DSAM temporal network model is proposed to portray the interlayer connectivity 
relationships in adjacent time slots from two aspects. To start with, the time slot node 
correlation coefficient is utilized to reflect the similarity of the connection relation-
ship between nodes in adjacent time slots. In the next place, the ratio of the duration 
of the adjacent time slots is utilized to reflect the impact of the previous time slot on 
the next time slot, which helps to distinguish the variability in the duration of adja-
cent time slots. So the specific representation of the improved DSAM temporal net-
work model is as follows.

Where A′ is the supra-adjacency matrix in the DSAM model. A(1) , A(2) , …, A(n) is 
respectively the adjacency matrix corresponding to the time slot Pi , which represents 
the intra-layer connectivity relations among the time slot sequences { Pi } in the satellite 
network. C(1,2) , C(2,3) , …, C(n−1,n) respectively represents the inter-layer connectivity of 
adjacent time slots, where the time slot correlation coefficients C(i−1,i) in the form of 
N × N  diagonal matrices denotes the connectivity between adjacent time slots Pi−1 and 
Pi . In addition, C(i−1,i) ) is specifically expressed as C(i−1,i) ) = diag(C1 (i − 1,i), C2 (i − 1,i), 
…, CN (i − 1,i)) . What’s more, the ratio TSi−1

TSi
 of the duration of adjacent time slots is uti-

lized to measure the degree of influence between time slots. Since the DSAM model only 
considers the connection relationship of the same node between adjacent time slots, all 
other elements of the matrix A′ are denoted by 0.

Based on the DSAM temporal network model, the temporal network containing four 
nodes and three time slots is selected as an example, where the duration of the three time 
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slots are four seconds, twelve seconds, and eight seconds, respectively. The example is 
shown in Fig. 4, where the connection relationships within the time slots are shown by solid 
lines, and the connection relationships between adjacent time slots are shown by dashed 
lines.

Equation (6) represents the supra-adjacency matrix of the DSAM model-based tempo-
ral network instance. The three block matrices on the main diagonal correspond to the 
adjacency matrices generated by each of the three time slots in the instance. The 1-th 
diagonal and − 1-th diagonal are composed of the diagonal matrices derived from the 
calculation of the adjacent time slots using TSi−1

TSi
 C(i−1,i) . Since the connection relation-

ship between non-adjacent time slots is not considered, the elements of other regions 
are used with 0.

4.4  Evaluating the importance of satellite nodes in each time slot

Eigenvector centrality in the static network is an important indicator for evaluating the 
importance of nodes in the network, which can be expressed as EC(vi) = �−1

∑N
j=1 aijej . 

Where � is the main eigenvalue of the adjacency matrix A, the corresponding eigenvec-
tor is e = [e1, e2, . . . , en]T , and aij represents the connection relationship between node 
i and node j. This measure considers that the neighboring nodes of a node in the core 
position will also have higher importance than the general edge nodes. By measuring the 
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Fig. 4 Example of a temporal network based on the DSAM model
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importance of the neighboring nodes directly connected to this node, the importance of 
this node in the whole network can be reflected [18].

In the temporal satellite network, the eigenvector centrality is exploited to seek the 
eigenvectors of the super-neighbor matrix A′ constructed above and to select the 
principal eigenvector corresponding to the largest eigenvalue. This principal eigen-
vector is denoted as v = {v1, v2, v3, . . . , vNT }T , which contains the importance val-
ues corresponding to all nodes in each time slot. First of all, {v1, v2, v3, . . . , vN }T 
denotes the eigenvector centrality value of each node in the first time slot. Next, 
{v(i−1)N+1, v(i−1)N+2, v(i−1)N+3, . . . , viN }

T denotes the eigenvector centrality value of 
each node in the i-th time slot. Lastly, {v(T−1)N+1, v(T−1)N+2, v(T−1)N+3, . . . , vNT }

T 
denotes the eigenvector centrality value of each node in the T-th time slot. Since there 
are T different time slot vectors, all of which correspond to vector length N, the (N(t − 
1) + i)-th term in vector v can be used to represent the importance of node i in the t-th 
time slot. Thus, an N × T  matrix of importance values is obtained, which is represented 
as follows.

4.5  Evaluating the importance of satellite nodes from a global perspective

In the satellite network, the degree of importance of N nodes in each time slot and the 
weight of each time slot are considered together to obtain the importance value of each 
node in the global perspective which is denoted as We.

Where the matrix W is the weight matrix of each time slot obtained above and Ws is the 
node importance matrix in each time slot obtained above.

5  Experiments
5.1  Experimental data

Due to the representative structures of the Iridium and Orbcomm constellations, 
these two constellations are chosen as experimental objects to simulate the low earth 
orbit (LEO) satellite network. First of all, Iridium is the world’s first satellite commu-
nication system with global coverage proposed by Motorola. Iridium has become the 
most mature satellite network supporting inter-satellite links after years of construc-
tion. The Iridium constellation consists of 66 LEO satellites and 6 spare satellites. 66 
operational satellites are evenly distributed on 6 circular orbital planes with an orbital 
altitude of 780 km and an orbital inclination of 86.4°. The operational period of the 
Iridium constellation is about 6000s [28]. Next, Orbcomm is a satellite system that 
provides global communication services, using a constellation of low-orbit satellites 
to achieve communication between user terminals and gateways. The Orbcomm con-
stellation contains 35 satellites distributed on 6 orbital planes labeled A, B, C, D, F, 
and G. On these 6 orbital planes, there are 8, 8, 8, 7, 2, and 2 satellites evenly dis-
tributed respectively. The orbital heights of the A, B, C, and D orbital planes are all 

(7)Ws = {wsit | wsit = vN (t−1)+i}N×T .

(8)We = {wei | wei =

T
∑

j=1

Ws(i, j)×W (j)}.
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827 km, and the orbital heights of the F and G orbital planes are 744 km and 833 km, 
respectively. The inclination angles of the A, B, C, and D orbital planes are all 45°, and 
the inclination angles of the F and G orbital planes are 70° and 108°, respectively. The 
operation period of the Orbcomm constellation is about 5820s [29]. The simulation 
parameters of the two constellations are shown in Table 1.

STK (Satellite Tool Kit) is an analysis tool developed by Analytical Graphics and 
widely used in the aerospace field, which can fully support complex space environ-
ment simulation extrapolation and analysis evaluation, and provide detailed analysis 
results and realistic space visualization functions [4]. MATLAB is commercial math-
ematical software from MathWorks for data analysis, wireless communication, and 
other fields [9].In this paper, STK and MATLAB are selected as experimental and 
analytical tools to analyze the Iridium and Orbcomm constellations. A series of dif-
ferent time slots are obtained by comparing the topologies of adjacent time slices and 
merging the same time slices in the operational periods of these constellations. In 
order to conserve calculation time, the time slots with a survival period lower than 
five seconds are eliminated and the time slots with a survival period greater than or 
equal to six seconds are screened out. As a result, 259 and 235 time slots are obtained 
for the Iridium and Orbcomm constellations, respectively.

5.2  Assessment methods

The methods commonly used to evaluate the degree of importance of nodes include 
those based on the ability to disseminate information in the network [30] and those 
based on the vulnerability and robustness of the network [14]. In satellite networks, 
the degree of importance of a node is evaluated by measuring the degree of change in 
network connectivity after the node is deleted. When a node is deleted, the greater 
the change in network connectivity, the higher the importance of the deleted node. 
On the contrary, the importance of this node is low.

Network efficiency is one of the important methods for evaluating network connec-
tivity [31, 32]. After removing the nodes and all the edges connected in the network, 
some paths in the network are forced to break and cause the shortest path between 
some nodes to become larger, which leads to an increase in the average path length of 
the whole network and affects the connectivity of the nodes in the network. The specific 
form of network efficiency is as follows.

Table 1 Iridium and Orbcomm simulation parameters

Parameters Iridium Orbcomm

Orbit height/km 780 827, 744, 833

Inclination/(°) 86.4 45, 70, 108

Number of tracks 6 6

Total number of satellites 66 35

Operation cycle/s 6000 5820
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where N is the total number of nodes in the network, and dij is the shortest path between 
nodes in the satellite network.

In order to verify the effect of the DSAM method on the evaluation of the importance 
of nodes in the satellite network,the results obtained by the DSAM method are com-
pared and analyzed with the SAM method and the literature [11] respectively. By delet-
ing some specific nodes in the satellite network, the scenario where the satellite network 
encounters random attacks is simulated. The difference in network efficiency before and 
after the node is deleted is used as the criterion for judging the importance of the node, 
so the difference in network efficiency is expressed as �η = |η − η0| . η0 denotes the net-
work efficiency in the initial state, and η denotes the network efficiency after the node is 
removed. Moreover, a larger value of �η indicates a greater change in network efficiency 
after the node is removed, reflecting the greater importance of the node in the satellite 
network.

5.3  Effectiveness analysis of DSAM model

For the two satellite network data of Iridium and Orbcomm introduced in Sect. 5.1, the 
ranking results in each time slot are calculated and obtained based on the DSAM model, 
SAM model, and PKN model [11]. Further, the ranking results are compared so as to 
evaluate the accuracy of each method in mining the key satellite nodes. First, on the 
basis of the DSAM model and SAM model, the eigenvector centrality is calculated for 
each time slot of the temporal satellite network, respectively, so as to obtain the node 
importance ranking results of the DSAM method and SAM method ( ω ∈[0.1,1.0]) for 
each time slot. Next, the PKN method selects the betweenness as the evaluation index to 
quantify the importance of satellite nodes with the aim of obtaining the results of node 
importance ranking for each time slot. Then, the node deletion method is selected as 
the benchmark ranking method to also calculate the node importance ranking results 
for each time slot of the temporal satellite network. Finally, the ranking results of each 
time slot obtained by the DSAM method and the other methods are compared with 
the results of the benchmark ranking to calculate the Spearman correlation coefficient, 
which mainly measures the degree of correlation between the two sequences in order to 
test the effect of DSAM method more intuitively.

The Spearman correlation coefficient [33] is used to evaluate the degree of correla-
tion between the ranking results obtained by this method and the benchmark ranking 
results. The larger the Spearman value is, the more accurate the sorting result of the 
method is. The Spearman values for two sequences of sorting results X = { x1 , x2 , x3 , 
…, xn } and Y = { y1 , y2 , y3 , …, yn } can be calculated by the following equation, where X 
denotes the sorting result obtained by DSAM or other methods at a certain time slot, Y 
denotes the benchmark sorting result at the same time slot, and x and y denote the aver-
age of the values in X and Y, respectively.

(9)η =
1

N (N − 1)

∑

i,j∈V

1

dij
.
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In this paper, the first experiment is conducted and analyzed on the Iridium constella-
tion. The DSAM method, SAM method ( ω ∈[0.1,1.0]), and PKN method are sorted sepa-
rately in each of the 259 time slots of the Iridium constellation. Afterward, the Spearman 
values are calculated by comparing the ranking results of the above three methods with 
the benchmark ranking results, as shown in Fig. 5.

In Fig. 5, the horizontal and vertical coordinates represent the 20 intervals into which 
Spearman’s range of values is divided and the number of time slots in the current inter-
val respectively, and the total number of time slots corresponding to each algorithm is 
259. The range of Spearman value is [− 1,1]. The Spearman value in the range of [0,1] 
indicates that the two sides of the comparison are positively correlated, while the Spear-
man value in the range of [− 1,0] indicates that the two sides of the comparison are neg-
atively correlated. The closer the Spearman value is to 1, the more similar the algorithm 
is to the sorting result of the benchmark sort, reflecting the higher node importance 
identification rate of the algorithm. Conversely, the closer the Spearman value is to − 
1, the more irrelevant the algorithm is to the ranking result of the benchmark ranking, 
reflecting the lower node importance recognition rate of the algorithm. (1) The distri-
bution of Spearman values of SAM method is not uniform for different parameters ω . 
For some parameters ω , the SAM method has more time slots with positive Spearman 
values. On the contrary, for other parameters ω , the results are more in the number of 
time slots in negative correlation. (2) The Spearman values obtained by the PKN method 
are mostly distributed around 0, where most of the time slots correspond to Spearman 

(10)ρ =

∑N
i=1(xi − x)(yi − y)

√

∑N
i=1(xi − x)2

∑N
i=1(yi − y)2

.

Fig. 5 Distribution of Spearman values calculated for the 259 time slots of Iridium
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values in [0,0.2] and a few of them are in [− 0.2,0]. (3) The Spearman values obtained by 
the DSAM method for each time slot are mostly positively correlated, and most of the 
Spearman values are located at [0.5,1.0]. Further analysis is performed in Table 2.

In Table  2, the distribution of Spearman values corresponding to the DSAM 
method and the other methods is shown. Analysis of the distribution of Spearman 
values corresponding to each method reveals the following situations. (1) The range 
of parameter ω in the SAM method is [0.1,1.0], and the distribution of Spearman val-
ues corresponding to SAM methods with different parameters is very different. When 
the parameter ω is set of [0.3,0.4,0.7,0.8,0.9], the Spearman values corresponding to 
the SAM method are mostly in positive correlation and have high similarity with the 
results of the node deletion method. When the parameter ω is set of [0.5,0.6,1.0], the 
Spearman values corresponding to the SAM method are all in negative correlation. 
When the parameter ω is set of [0.1,0.2], the proportion of Spearman values corre-
sponding to SAM methods in negative correlation is 44.02% and 17.76%, respectively. 
(2)By analyzing the results obtained by the PKN method, it is found that the Spear-
man values of 79.92% of the time slots are in positive correlation, but they are all in 
[0,0.2], indicating that the similarity between the method and the benchmark rank-
ing results is not high. Therefore, the PKN method does not have a high recognition 
rate for the importance of nodes in the Iridium constellation. (3) Among the results 
obtained by the DSAM method, 46.72% of the Spearman value corresponding to the 
DSAM method is in the interval of [0.6,1.0], which is higher than that of the SAM 
method corresponding to most of the parameters ω . A total of 99.61% of the Spear-
man values are in the interval of positive correlation, which is also higher than most 
of the SAM methods corresponding to parameter ω . On the contrary, only 0.39% of 
the Spearman values are left in negative correlation. Meanwhile, the DSAM method 
is superior to the PKN method. It can be seen that the DSAM method has a higher 
recognition rate for the Iridium constellation data.

In the next step, the Orbcomm constellation is experimented with and analyzed 
according to the above method. The DSAM method, SAM method ( ω ∈[0.1,1.0]), 
and PKN method are sorted separately in each of the 235 time slots of the Orbcomm 

Table 2 Statistics of Spearman values calculated for 259 time slots of Iridium

Methods [0.7,0.8] [0.6,0.7] [0.5,0.6] [0,0.5] [− 0.5,0] [− 1,− 0.5]

DSAM 0 121 134 3 1 0

SAM(w = 0.1) 15 25 105 38 63 13

SAM(w = 0.2) 19 48 146 25 19 2

SAM(w = 0.3) 42 46 171 0 0 0

SAM(w = 0.4) 42 56 161 0 0 0

SAM(w = 0.5) 0 0 0 0 0 259

SAM(w = 0.6) 0 0 0 0 0 259

SAM(w = 0.7) 42 86 131 0 0 0

SAM(w = 0.8) 42 91 126 0 0 0

SAM(w = 0.9) 41 94 124 0 0 0

SAM(w = 1.0) 0 0 0 0 0 259

PKN 0 0 0 207 52 0
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constellation. Afterward, the Spearman values are calculated by comparing the rank-
ing results of the above three methods with the benchmark ranking results, as shown in 
Fig. 6.

In Fig.  6, the horizontal and vertical coordinates represent the 20 intervals into 
which Spearman’s range of values is divided and the number of time slots in the cur-
rent interval respectively, and the total number of time slots corresponding to each 
algorithm is 235. (1) Analyzing the results of the SAM algorithm at different parame-
ters ω , the distribution of Spearman values corresponding to each time slot is not uni-
form. However, the Spearman values corresponding to most time slots are distributed 
around 0 from an overall view. (2) The Spearman values obtained by PKN method 
are all in positive correlation, and the number of time slots with Spearman values 
in [0.5,0.6] is the largest. (3) The Spearman values of each time slot obtained by the 
DSAM method are mostly in the following four intervals [0.6,0.7], [0.5,0.6], [0.4,0.5], 
[− 0.6,− 0.5], where the first three intervals are positively correlated and the last one 
is negatively correlated. Further analysis is performed in Table 3.

The Spearman values of the DSAM and other methods sorting results with the 
benchmark sorting results are shown in Table 3. Analysis of the distribution of Spear-
man values corresponding to each method reveals the following situations. (1) When 
the parameters ω is set of [0.3,0.4,0.8,0.9], most of the Spearman values of the time 
slots corresponding to the SAM method are less than 0.5 and a large proportion of 
them are in negative correlation, which reflects that the results of the SAM method 
and the node deletion method are not very similar. When the parameter ω is set of 
[0.1,0.2,0.5,0.6,0.7,1.0], the proportion of Spearman values of the time slots correspond-
ing to the SAM method in [0.5,1.0] can reach up to 25.53%. (2) The Spearman values of 
each time slot obtained by the PKN method are in positive correlation, and 60% of the 

Fig. 6 Distribution of Spearman values calculated for the 235 time slots of Orbcomm
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time slots correspond to Spearman values lies in [0.5,1.0], which indicates that the PKN 
method has a high similarity with the benchmark ranking results. Therefore, the PKN 
method can accurately identify the importance of nodes in the Orbcomm constellation. 
(3) 31.91% of Spearman values of the time slots corresponding to DSAM methods are in 
[0.5,1.0], which is higher than those corresponding to SAM methods with all parameters 
ω . Besides, a total of 57.45% of the time slots corresponding to Spearman values are in 
the positive correlation interval. Moreover, the PKN method is superior to the DSAM 
method in each interval of [0,1]. Therefore, it shows that the recognition rate of DSAM 
method for Orbcomm constellation data is higher than that of SAM method and lower 
than that of PKN method.

Analysis of the experimental results of the above two constellations reveals the follow-
ing situation. When the parameter ω is set of [0.3,0.4,0.7,0.8,0.9] in the Iridium constel-
lation, the results obtained by the SAM method are very similar to the node deletion 
method. When the parameter ω is set of [0.3,0.4,0.8,0.9] in the Orbcomm constellation, 
the similarity between the result obtained by the SAM method and the node deletion 
method is very low. These data illustrate that SAM methods with the same parameter ω 
have a great difference in node importance identification for different constellations and 
that the use of a fixed value ωI for different satellite constellations to represent the inter-
layer connectivity between time slots is highly contingent. Meanwhile, the PKN method 
has very dissimilar results for the identification of Iridium and Orbcomm constella-
tions, which shows that the method is unstable for the identification of node importance 
in satellite networks. On the contrary, the DSAM method obtains a high agreement 
between the ranking results and the baseline ranking results when processing the data of 
two constellations, which indicates that the DSAM method can describe the Iridium and 
Orbcomm constellations more accurately and has a consistently high node importance 
identification rate.

5.4  Functional analysis of DSAM model

Due to the time-varying and periodic characteristics of temporal satellite networks, 
the links between satellite nodes change frequently during the operation cycle of the 

Table 3 Statistics of Spearman values calculated for 235 time slots of Orbcomm

Methods [0.7,0.8] [0.6,0.7] [0.5,0.6] [0,0.5] [− 0.5,0] [− 1,− 0.5]

DSAM 1 26 48 60 45 55

SAM(w = 0.1) 1 18 21 90 86 19

SAM(w = 0.2) 1 24 32 83 86 9

SAM(w = 0.3) 2 8 7 81 83 54

SAM(w = 0.4) 0 0 1 101 90 43

SAM(w = 0.5) 2 21 37 77 84 14

SAM(w = 0.6) 1 21 31 89 80 13

SAM(w = 0.7) 1 21 33 88 89 3

SAM(w = 0.8) 0 2 6 77 99 51

SAM(w = 0.9) 0 0 2 92 90 51

SAM(w = 1.0) 1 19 32 103 79 1

PKN 19 37 85 92 2 0
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constellation, and there are often situations such as disconnection of existing connec-
tions or establishment of new connections. Therefore, DSAM method and PKN method 
are applied to select key nodes from a global perspective and analyze the operation of the 
links associated with these key nodes during the operating cycle of the constellation. The 
experimental methods are as follows. (1) To begin with, the importance degree of the 
66 satellite nodes in the Iridium constellation is analyzed from a global perspective with 
the above two methods, and the TOP 10%, 20%, 30% of nodes (TOP 7, 13, 20 nodes) are 
selected as key nodes. Then, the number of relevant links of key nodes in 259 time slots 
is counted separately and their proportion in the total links is calculated, as shown in 
Fig. 7. (2) Firstly, the nodes in the TOP 10%, 20%, 30% importance ranking (TOP 4, 7, 11 
nodes) in the Orbcomm constellation are selected as key nodes by adopting the method 
above. Afterward, the number of links associated with the key nodes in 235 time slots is 
counted as well as the percentage of the relevant links is calculated, as shown in Fig. 8.

In Fig. 7, the horizontal and vertical coordinates represent the interval of the propor-
tion of links related to key nodes and the number of time slots in the current interval 
respectively, and the total number of time slots corresponding to both methods is 259. 
Analyzing the three subfigures in Fig. 7, the following findings can be derived. (1) The 
results corresponding to TOP 10% nodes are shown in subfigure a. The percentage of 
relevant links in 57.92% of the time slots is at [0.2,0.3], while no time slots are at [0.2,0.3] 
for the DSAM method, reflecting that the PKN method outperforms the results corre-
sponding to the DSAM method. (2) The results corresponding to TOP 20% nodes are 
shown in subfigure b. The percentage of relevant links in 11.20% and 40.93% of the time 
slots are at [0.5,0.6] and [0.4,0.5] respectively, while the corresponding percentages in 
PKN method are 0 and 47.88%, reflecting that the DSAM method outperforms the cor-
responding results of PKN method. (3) The results corresponding to TOP 30% nodes 
are shown in subfigure c. The percentage of relevant links in 14.29% and 36.68% of the 
time slots are at [0.7,0.8] and [0.6,0.7] respectively, while the PKN method corresponds 
to 0 and 56.37%, reflecting that the DSAM method outperforms the results correspond-
ing to the PKN method. In summary, the DSAM method has more links than the PKN 
algorithm for the key nodes (TOP 20% and TOP 30%) identified in the Iridium constella-
tion. On the contrary for the TOP 10% nodes, the PKN method is better than the DSAM 
method.

Analyzing the three subfigures in Fig. 8, the following findings can be derived. (1) The 
results corresponding to the TOP 10% nodes are shown in subfigure a. The percentage of 
relevant links in 5.11% and 94.89% of the time slots are at [0.3, 0.4] and [0.2,0.3] respec-
tively, while the PKN method corresponds to 0 and 100%, reflecting that the DSAM 
method outperforms the results corresponding to the PKN method. (2) The results cor-
responding to TOP 20% nodes are shown in subfigure b. The percentage of relevant links 
in 96.17% and 3.83% of the time slots are at [0.4, 0.5] and [0.3,0.4] respectively, while 
the PKN method corresponds to 33.19% and 66.81%, reflecting that the DSAM method 
outperforms the results corresponding to the PKN method. (3) The results correspond-
ing to the TOP 30% nodes are shown in subfigure c. The percentage of relevant links 
in 88.94% and 11.06% of the time slots are at [0.6,0.7] and [0.5,0.6] respectively, while 
the percentages corresponding to the PKN method are 4.68% and 95.32%, reflecting the 
superiority of the DSAM method over the results corresponding to the PKN method. In 
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Fig. 7 The ratio of key node related links in each time slot in Iridium
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Fig. 8 The ratio of key node related links in each time slot in Orbcomm
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summary, it can be seen that the key nodes identified by the DSAM method have more 
links than the PKN method in the Orbcomm constellation.

Since the links between satellite nodes are the basis for inter-satellite operations. 
The more inter-satellite links satellite nodes have, the more services they can under-
take [34, 35]. By analyzing the experimental results of the Iridium and Orbcomm con-
stellations, it can be found that in most cases the key nodes identified by the DSAM 
method have more links than those identified by the PKN method. The key nodes 
identified from a global perspective using the DSAM method can constitute a larger 
number of links with a smaller number of nodes, and a larger number of links repre-
sents that the associated nodes will take on more service functions. Thus, the func-
tionality of the DSAM method is demonstrated from the satellite service perspective.

6  Results and discussion
Identifying key satellite nodes in temporal satellite networks is of great significance 
for studying the structure and function of satellite networks. Hence, a method based 
on the DSAM model is proposed to identify the key nodes in the temporal satellite 
network, which takes into account the connection relationship of nodes within time 
slots, the connection relationship between adjacent time slots, and the survival dura-
tion of time slots. Through experiments for the Iridium and Orbcomm constellations, 
it is concluded that the DSAM method is more stable than the other methods and 
can more accurately identify the key nodes in each time slot of the network. Moreo-
ver, the key nodes identified by the DSAM method from the global perspective have 
more links than the PKN method in each time slot, indicating that these key nodes 
are involved in more satellite services in data communication and are more impor-
tant from the functional perspective. In the future, satellite networks will develop into 
large or giant networks. Therefore, the inter-satellite links will be more complicated 
and the functions performed by individual satellites will be more diverse, which puts 
forward higher requirements for identifying key nodes in the satellite network.
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