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Abstract. With the successful manufacture of highly stable and high-
performance satellite processors, caching on satellites has become possible. Infor-
mation Centric Networking (ICN) is introduced to satellite networks to address the
growing need for diverse data services. However, existing caching policies in ICN
still suffer from the shortage of rational planning of cache locations and redun-
dancy of cache contents. Consequently, the time slot correlation-based caching
strategy for satellite networks (TSCCS) is proposed. Firstly, the index of time slot
correlation is designed to quantify the neighboring time slots’ coupling relation-
ship, and then the DSAM network model with time slot correlation is established.
Secondly, the significance of satellite nodes is evaluated from the local and global
perspectives respectively based on the eigenvector centrality algorithm to filter
out the dynamic set of cache nodes. Finally, probabilistic caching is performed
at the set of caching nodes with the goal of reducing cached content redundancy,
considering content popularity and access delay. The simulated outcomes indicate
that the TSCCS caching policy is superior to the comparison method in the areas
of cache hit rate, request latency, and server load.

Keywords: ICN - Satellite Networks - Network Model - Cache Nodes - Caching
Strategy

1 Introduction

The sixth generation mobile communication network (6G) further integrates satellite net-
works with terrestrial networks to extend the communication scenario to land, sea, air,
and underwater areas to achieve seamless global coverage. To fulfill the requirements for

© ICST Institute for Computer Sciences, Social Informatics and Telecommunications Engineering 2023
Published by Springer Nature Switzerland AG 2023. All Rights Reserved

R. Li et al. (Eds.): MOBILWARE 2022, LNICST 507, pp. 43-56, 2023.
https://doi.org/10.1007/978-3-031-34497-8_4


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-34497-8_4&domain=pdf
http://orcid.org/0000-0001-6512-7027
http://orcid.org/0000-0001-9432-4564
https://doi.org/10.1007/978-3-031-34497-8_4

44 R. Xu et al.

worldwide network accessibility for users in the 6G era, satellite networks have become
one of the indispensable tools for providing wide area coverage [1]. Unlike ground-based
telecommunication networks, satellite communication networks have the advantage of
large communication range, independent of geography and climate, and high mobility,
which are widely applied in many aspects such as weather forecasting, resource detec-
tion, navigation and positioning, environmental monitoring, and mobile communication.
Although terrestrial communication networks are developing rapidly, they cannot pro-
vide good communication services in special environments such as oceans, deserts, and
polar regions. Moreover, satellite networks provide continuous and effective communi-
cation connections in the above regions, as well as reliable connections in unexpected
situations such as earthquakes, floods, and tsunamis when terrestrial communication
facilities are destroyed. However, the periodic high-speed motion of satellite nodes,
inter-satellite link interruptions and reconnections, and dynamic changes in network
topology leave satellite networks in a non-stationary state, which leads to problems such
as large propagation delays, intermittent connections, and inconsistent round-trip links
during data transmission [2].

To solve the above serious problems, ICN architecture is introduced to satellite net-
works. ICN is anew information-centric network architecture that differs from traditional
IP networks. By directly separating content from location, ICN employs content naming
as a unique identifier for data transmission and provides a publish/subscribe model to
retrieve content. In-network caching technology in ICN is proven to be a highly produc-
tive approach to enhancing content distribution capabilities in the areas of throughput,
latency, and energy consumption [3]. With in-network caching technology, the proxim-
ity response of user requests reduces content acquisition delay for users and improves
the quality of user experience. Moreover, distributed in-network caching reduces energy
consumption for link transmission, conserves bandwidth resources, and reduces server
load. Meanwhile, the cache nodes continuously work to provide content for users when
the content providers are offline, which enhances the stability of satellite networks. How-
ever, existing ICN caching strategies are mostly designed for terrestrial networks, which
cannot adapt to the characteristics of periodic dynamic changes in satellite networks,
and there are problems such as a lack of reasonable planning of cache locations and
redundancy of cached contents. Therefore, designing an effective caching policy is a
meaningful attempt to boost the performance of satellite networks which is also one of
the research focuses of ICN. The time slot correlation-based caching strategy for satellite
networks is suggested. The main contributions are shown below.

e By defining the index of time slot correlation to quantify the adjacent time slots’
coupling relationship, the satellite network is simplified into the DSAM network
model by integrating inter-satellite link status in the current time slot and the evolution
law between adjacent time slots.

e The cache node selection algorithm based on eigenvector centrality is suggested to
assess the significance of satellite nodes from a local and global point of view, thus
filtering out the nodes with high significance to form the dynamic set of cache nodes.
By considering the content popularity and content access delay, the probabilistic
caching scheme is devised to improve the caching probability of popular content on
caching nodes.
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e In the simulated scenario of the Iridium constellation, the caching performance of
TSCCS is evaluated by varying the content request hotness and node caching capac-
ity and observing the change in caching performance of each strategy. The results
demonstrate that TSCCS applies to satellite networks and surpasses the comparison
approach in the areas of cache hit rate, request delay, and server load.

The rest parts of this paper are structured as follows. Section 2 delineates the applica-
tion of caching techniques in ICN for terrestrial and satellite networks. The description
of the scenarios in this paper is given in Sect. 3. The implementation steps of the TSCCS
are summarized in Sect. 4. Section 5 implements and evaluates TSCCS in a simulation
environment. Section 6 summarizes this work in full.

2 Related Work

Caching strategies are one of the popular research topics in ICN, aiming to enhance
cache utilization and decrease bandwidth consumption by rationalizing the use of cache
resources in the network. Caching policies are categorized as on-path and off-path poli-
cies depending on where the cached content is stored on the backhaul route of the data.
The data packets are backhauled and cached along the transmission route in on-path
policies, ignoring other nodes outside the transmission route. The classic on-path poli-
cies in ICN include LCE [4], LCD [5], MCD [5], and Prob [6], etc. The on-path policies
are easy to implement and are widely adopted in practical deployments. However, net-
work nodes in the on-path strategy lack information of global network topology and
cache state, and can only collaborate with nodes on the same path, which limits the
caching performance. Meanwhile, all nodes with the same caching strategy allow dupli-
cate placement of cached content on caching nodes, resulting in excessive redundancy of
cached content [7]. The off-path caching strategies are not restricted by the transmission
path between the user and the server and allow the content to be placed on any node in
the network. Chai et al. present a policy (Betw) that is based on the BC measure and
places data on nodes with large betweenness values for fast response to user requests [8].
Caching strategies such as BEP [9] and HCache [10] optimize the placement of cached
content from the perspective of network topology and region division, respectively. The
off-path strategies optimize the placement of cache contents and rationalize the utiliza-
tion of cache resources by collecting state information of the network, such as node
capacity, request distribution, and network bandwidth. However, when collecting net-
work information, the off-path strategy invariably requires a large amount of additional
overhead, resulting in a drain on network resources [11].

In-network caching technique in terrestrial networks has proven to be advantageous
in improving network performance and enhancing network throughput. To enhance
the capability of data transmission in satellite networks, scholars conduct meaning-
ful research on caching schemes applied to satellite networks. To address the serious
shortage of end-to-end routes in IST networks, Yang et al. suggest a network caching
mechanism (TCSC) with time-evolving coverage sets for the effective distribution of
files [12]. To address the management and efficiency problems arising from traditional
network architectures, Li et al. suggest a novel satellite network architecture by merg-
ing the advantages of ICN and SDN, along with a cooperative caching scheme and
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an encoding caching scheme to improve the performance of content extraction [13].
Zhu et al. investigate a coordinated multi-layer edge caching policy in IST networks,
where base stations, satellites, and gateways collaborate to serve content to terrestrial
requesters, which in turn reduces the communication delay in the satellite-terrestrial
link [14]. Ngo et al. propose a full-duplex transmission model supporting two layers
of caching, deploying content caches to satellites and ground stations separately, thus
reducing content transmission delay [15]. Existing caching strategies for satellite net-
works optimize caching performance in terms of cache content placement, edge caching,
multi-layer caching, and collaborative caching to enhance content distribution efficiency
and improve user service experience [16].

The existing caching strategies in topologically time-varying satellite networks face
some unresolved problems. The selection of cache nodes lacks the consideration of
node dynamics, which is not applicable to dynamically changing satellite networks and
reduces the utilization of cache space. In addition, existing studies employ a single
processing method for cache contents, resulting in redundant cache contents. Hence, the
TSCCS caching policy is presented in this paper, in which the nodes with high importance
are selected to form a dynamic set of cache nodes by estimating the significance of
satellite nodes in a single time slot and from a global perspective, to achieve reasonable
planning of cache content placement locations. On this basis, the probabilistic caching
solution that is dependent on the content prevalence and access latency is designed to
enrich the variety of cached content, while improving the caching probability of popular
content on caching nodes and reducing the redundancy of cached content.

3 Scene Description

The satellite network model consists of the server, the satellite network, and subscriber
terminals, as shown in Fig. 1. The inter-satellite link is the cornerstone for interconnec-
tion between satellite nodes, which in turn constitute the satellite network. The satellite
network has a wide coverage area and provides data transmission services to terrestrial
subscribers throughout the covered area. The satellite nodes in the ICN-based satellite
network architecture all have content memories, and the content is stored and forwarded
according to the caching strategy. The service process of the satellite network model is
as follows. Firstly, the request from the terrestrial subscriber is delivered to the receiving
satellite and the satellite’s cache memory is searched to see if the requested content
is stored. If it exists, the access satellite forwards the content to the terrestrial sub-
scriber in the form of a data packet. Otherwise, the subscriber request is forwarded to
additional satellites. Then, the cache space of other satellites in the satellite network
is searched. If it exists, the requested content is routed via the inter-satellite link back
to the terrestrial subscriber according to the original route. Otherwise, the subscriber
request is transferred to the terrestrial server via the satellite-ground link. Finally, when
the satellite network cannot satisfy the user’s request, the ground-based server reacts to
the subscriber’s request and returns the data packet according to the original route.
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Fig. 1. System model illustration.

4 TSCCS Caching Strategy

Since caching resources are scarce in the information-centric satellite network, applying
the default policy in ICN results in duplicate caching of the same content. Hence, this
paper is devoted to improving the traditional caching strategy and suggests a caching
policy that is predicated on time slot correlation. In this section, the DSAM network
model is first detailed. The process of selecting the cache node corresponding to each
time slot with the eigenvector centrality algorithm is then shown. Finally, the probabilistic
caching scheme is introduced.

4.1 DSAM Network Model

The snapshot-based modeling approach in dynamic networks is a common treatment in
many literatures, where a series of snapshots (time slices) are exploited to reflect the
time-changing features of dynamic networks [17]. The snapshots are normally set as
topology diagrams of the same duration, denoted as Si, S»,..., Sy. By analyzing the
connection of the links between satellite nodes, it is found that the inter-star links are
connected and disconnected with regularity. There is no inter-star link outage while
the satellite network is in a steady state that lasts for 1 or more snapshots. Therefore,
adjacent snapshots with the same topology are merged under the condition that the
satellite network topology is stable. Thus, the time slot sequence is captured, denoted as
Py, P»,..., Pt, and the duration of each time slot is noted as TS;. Within the observed time
(OT), a collection of time slots of different lengths captures the evolutionary features of
the operating course of the satellite, and the inconsistency of time slots is shown by the
difference in the weights. Furthermore, the weight matrix that corresponds to the time
slot sequence is represented as the following equation.

TS1 TSy TS3
OoT’ OT’ OT"’
Local correlation is one of the important indicators to gauge the adjacent time slots’

coupling relations in dynamical networks, which mainly includes the following two mea-
surements. The first approach reflects the local correlation of nodes from the perspective

W:[WI,WQ,W3,"']:|: (D
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of their own neighbors in adjacent time slots, including CN [18] as well as CN-derived
normalized indicators. The second is to quantify the local correlation of nodes by count-
ing the shared neighbors of nodes in various time slots. Taking into account both research
perspectives, the node correlations in adjacent time slots are derived as shown below.

Za,;/(t)a,-j(t + 1)
Ci(t,t+1) = l @)
min[z aij(1), 3 aj(t + 1)]

where Ci(t, t + 1) denotes the node correlation of node j in the adjacent time slots Py
and Py, 1. Ajj(t) represents the elements in the adjacency matrix of P;. In time slot Py, if
a link exists between node i and node j, ajj(t) = 1. Otherwise, a;j(t) = 0. In both Py and
P, ajj(t) = 1 and a;j(t + 1) = 1 if there are links between both node i and node j. In
this case, ajj(t)ajj(t + 1) = 1. Otherwise, ajj(t)a;j(t + 1) = 0.

The variation of the adjacency relationship between nodes can be obtained by ana-
lyzing the node correlation of each node in the neighboring time slots. When the node
correlation is large, it means that the majority of the satellite nodes are working online
continually for a considerable period of time as well as there are stable inter-satellite
links in the network. When the node correlation is small, it indicates that the proportion
of satellite nodes and inter-star links that exist stably in the adjacent time slots is low,
reflecting the high level of changes in network topology. On the basis of node corre-
lation in adjacent time slots, the diagonal matrix is structured to indicate the time slot
correlation, as shown in the following equation.

Cit,i+1) 0 - 0 0
0  Ct,t+1)-- 0 0

Crh = : Lo : 3)
0 0 - Cyo1(t,t+ 1) 0
0 0 0 Cy(t,t+1)

where Ct*D denotes the time slot correlation of time slots P, and Py;. Gt + 1)
expresses the node correlation of node j in P; and Pyy1. All elements outside the main
diagonal are 0. N indicates the number of satellite nodes.

To completely portray the structure evolvement of the dynamic network and its
dynamics process, the dynamic supra-adjacency matrix (DSAM) is introduced. Given
that the layer-to-layer connectivity of different nodes should be different, the layer-to-
layer connectivity between nodes is expressed with the node correlation in adjacent time
slots, which ensures the difference between nodes. A dynamic network is picked as an
instance of the DSAM network model as shown in Fig. 2. The connectivity among nodes
inside a time slot is represented by a solid line in each time slot, and the connectivity of
nodes in neighboring time slots is represented by a dashed line between time slots.

The DSAM network model accounts for the inter-layer and intra-layer relations of
nodes and represents the impact of the network topology at the previous moment on
the later moment with the ratio of time slot durations. In addition, the DSAM network
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Fig. 2. Example of the DSAM network model.

model is specifically expressed as follows.

AD %Ca,z) 0
2
TS 1,2 2 TSs 2,3
T_S;C( ) A® T_Sic( ).
A= 0 %C(“) A® @)
3

where A denotes the super-adjacency matrix based on DSAM. AV, A@ . A jg
represented by the corresponding adjacency matrix of each time slot. Ci~ 1) is indicated
by a diagonal matrix composed of node correlations. TS; shows the duration of the time
slot i. The remainder of the elements in matrix A are indicated by 0.

4.2 Cache Node Selection Algorithm Based on Eigenvector Centrality

Due to the scarcity of on-board storage resources, selecting appropriate cache nodes
becomes an important task to improve the cache performance and transmission per-
formance in the network. So the cache node selection algorithm based on eigenvector
centrality is suggested. In complex network theory, centrality algorithms usually eval-
uate the significance of nodes in a network, including DC, BC, CC, and EC. Among
them, eigenvector centrality (EC) is a very effective evaluation indicator to quantify the
significance of the test node by counting the significance of the neighborhood nodes that
are directly linked to the test one.

N
EC() =2"")"aje Q)

j=1

where A is the main eigenvalue of the neighboring matrix, and the feature vector is
e=le1,e, -, en]T. Ajj denotes the connectivity between node i and node j. If a link
exists between node i and j, then aj; = 1, otherwise aj; = 0.

The EC is exploited to find the principal eigenvector in the constructed super-
neighborhood matrix A, noted as v = {vi, vz, v3, - ,vnr}T. The EC value of each
node in the time slot i is recorded as {V(i—l)XN+lv V@i—1)xN+2> V(i—1)xN+3> " " * » VI'N}T.
The vector length of each time slot is N, and there exist a total of T different time slots.
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Therefore, the term N x (t-1) + i in the vector v represents the significance of node i in
the time slot t, resulting in an N x T matrix as follows.

Ws = {wsig|wsit = VN x(—1ti}yr (6)

The matrix Ws is a quantification of the local significance of the nodes. Depending
on the duration of the time slots, the weight matrix W of the time slots has been computed
in the previous section. Therefore, the global significance of the node, noted as We, is
calculated with these two matrices.

T
We = { wej|lwe; = Z Ws(i, j) x W(j) 7
j=1

In the information-centric satellite network, a restricted amount of cache nodes are
chosen to hold content copies, which helps to boost the efficiency of the caching system
and reduce user acquisition latency [8]. The selection of appropriate cache nodes requires
a balance between important nodes with local characteristics and important nodes with
global characteristics. In the time slot P;, the nodes are ranked by the EC value from
highest to lowest, and the top K important nodes with local characteristics are selected
as cache nodes. At the same time, the significance values of nodes from the global
viewpoint are sorted in descending order, and the top K important nodes with global
characteristics are also selected as cache nodes. Finally, 2 x K nodes are acquired above
to combine into a set of cache nodes.

4.3 Probabilistic Caching Scheme

Since the storage capacity of on-board routers is finite, the storage capacity of satellite
nodes is bound to become saturated as the number of user requests increases and as time
passes, which leads to the replacement of cache nodes. To lower the frequency of cache
replacement, the content that has been requested by users a lot in the previous period and
predicts the same popularity in the future period is screened in the network and placed
on the router node. Therefore, the caching probability of content block c at satellite node
p is obtained from the following equation.

p(c) Dp_s
max(p(@)) Dy-s+1

nc,p) = ®)
where 7(c, p) means the caching probability of content block c at satellite node p. p(c)
indicates the content prevalence of content block c in the current time slot, and max (o (i))
means the maximum value of the content popularity of all content in the network. Dyy_g
means the number of hops between the user and server, and D,_s means the number
of hops between satellite nodes to the server. The equation takes into account content
popularity and access delay to improve the caching probability of content that has a high
prevalence at cache nodes while reducing the redundancy of cached content.

Content distribution is achieved through data packet and interest packet processing
and forwarding in an ICN-based satellite network. The router takes on the task of for-
warding both interest packets and data packets to maintain the three modules essential
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for network communication, which are content store (CS), pending interest table (PIT),
and forwarding information base (FIB). CS stores the content copies and is the table
that the user requests to view first. PIT logs the uplink request information, including
the path and interface information of the interest packet route. FIB records the content
name and the receiving port to provide routing information for subsequent requests.

There are two parts in this paper to completely describe the process of implementing
the TSCCS caching policy.

1. In the time slot with stable topology, the interest packet is transported over the inter-
satellite link and forwarded at the satellite node, where the number of hops forwarded
is recorded in the new field (hop) of the interest packet. When the interest packet is
accepted by the on-star router node, it searches in its CS for content that has the
same name as the content. If a successful match is made, the data packet is passed
back sequentially up the access port. Otherwise, the lookup continues in the PIT. If
the interest packet and the PIT match successfully, the access port is added and the
interest packet is discarded. Otherwise, add a new entry in the PIT and forward the
interest packet to the next-hop satellite node as documented in the FIB.

2. The interest packets containing the requested information are forwarded across the
satellite network. When the user request is matched with the cached content in the
server or satellite node, the content asked is passed back the original way following
the forwarding route of the packet of interest. The satellite nodes all have a forwarding
function, while the satellite nodes in the set of caching nodes have not only a forward-
ing function but also caching function. Therefore, when a satellite node accepts a data
packet, it initially determines if the node has caching capabilities. If the satellite node
is the selected caching node and has remaining capacity in its storage space, it stores
the contents contained in the data packet in the present node and forwards it to the
following hop satellite. If the node is a cache node but has no extra capacity in the
cache space, it replaces the stale content based on the LRU (last recently used) [7]
replacement policy and forwards the data packet to the following hop satellite. If the
node is not a cache node, the data packet is transmitted to the following hop satellite.
The process is terminated by the reception of the requested content by the terrestrial
subscriber.

5 Simulation and Evaluation

5.1 Simulation Setup

ndnSIM is an NDN emulation module equipped on NS-3, which enables various network
functions under ICN architecture [12]. The performance of the TSCCS caching strategy
is verified by comparing it with the caching strategies of LCE [10], LCD [11], Prob(0.5)
[12], and Betw [17]. The LRU cache replacement strategy is adopted for all caching
strategies to ensure the objectivity of the simulation experiments. The average cache hit
rate, average request delay, and average server load are selected as the main performance
indicators in this paper, and the variation of cache capacity is monitored by altering the
Zipf parameter and node cache capacity. The simulated setting is built by following the
information of the Iridium constellation, comprising six orbits with an altitude of 780 km
and an inclination of 86.4°, totaling 66 satellites [19]. The whole experiment lasts 40 s,
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in which the first 10 s are treated as the pre-warming time, and the experimental data

of the last 30 s are extracted for the subsequent experimental analysis. The simulation
environment and experimental parameters are listed in Table 1.

Table 1. Simulation parameters.

Parameters Default Range of variation
Number of server nodes 1 -

Number of ground stations 22 -

Number of contents 1000 -

Data packet size/KB 1024 -

Request rate/(req/s) 200 -

Zipf distribution parameter o 1.0 0.7~1.3

Node cache capacity 30 15~45

5.2 Evaluation Indicators

The following evaluation indicators are selected to comprehensively estimate the caching
capability of the TSCCS policy.

1. Average cache hit ratio (ACHR)

ACHR is the percentage of subscriber requests that hit the cache compared to the sum
of subscriber requests, which is one of the major evaluation indicators of the effectiveness
of a caching policy. If ACHR is higher, the greater the utility of the caching scheme.

2. Average request delay (ARD)

ARD is the mean duration of the process from the outgoing of interest packets to the
receipt of data packets, which is one of the metrics to assess the user’s satisfaction with
the caching scheme. If ARD is smaller, the caching scheme is more efficient.

3. Average server load (ASL)

ASL is the average of the number of interest packets processed by the server per unit
time in each time slot, which is a measure of the stress on the server. When ASL is too
high, it causes insufficient server processing capacity and affects the stable operation of
the network.

5.3 Simulation Results

5.3.1 Impact of Zipf Parameter

Figure 3 evaluates the effect of user request popularity on cache capability in three
aspects of ACHR, ARD, and ASL, respectively.
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Fig. 3. Impact of Zipf parameter. (a) ACHR; (b) ARD; (c) ASL.

Figure 3(a) illustrates that ACHR of all policies has an increasing trend with growing
Zipf parameter o. This is because user requests are more focused and cached content is
more likely to fulfill user requests. Only a small amount of popular content needs to be
cached to achieve a high hit rate. The TSCCS strategy outperforms other caching strate-
gies by reasonably selecting caching nodes and improving the probability of caching
popular content through the probabilistic caching scheme. Other caching strategies lack
the ability to sense the hotness of the cached content, resulting in most of the cached
content being non-hot content with low request rates and lower hit rates. Figure 3(b)
illustrates that ARD of all policies gradually reduces as the Zipf parameter o grows. The
reason is that the proportion of subscriber requests responded to at the routers is increased,
which saves the transmission delay between the routers to the server and results in a more
timely response to user requests. The TSCCS strategy employs the probabilistic caching
scheme to promote diverse storage of cached content on cache nodes, avoiding cached
data being substituted frequently and outperforming other caching strategies throughout
the range. The LCE, LCD, and Prob policies have poor cached content diversity and are
forwarded out of the domain when the content request does not hit the current domain,
resulting in increased transmission delay. Figure 3(c) illustrates that ASL of all policies
continues to decrease with the rising Zipf parameter a. This is owing to the increased
proportion of cache nodes that respond to user requests, which reduces the server’s bur-
den of processing interest packets. The TSCCS strategy allocates popular content to
cache nodes reasonably and enhances the diversity of cached content to improve the
response ratio of content requests at cache nodes, which is superior to other policies in
the caching effect. The on-path caching strategies do not distinguish between cached
contents, resulting in part of the cache space being occupied by non-popular contents
and an increased number of content requests responded to by the server. The Betw policy
caches all the content at critical nodes, which increases the load on the server due to fre-
quently replacing cached content on the cache nodes and the decrease in the proportion
of content requests responded to.

5.3.2 Impact of Node Cache Capacity

Figure 4 assess the effect of node cache capacity on cache performance from the
perspective of ACHR, ARD, and ASL, respectively.
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Figure 4(a) illustrates that ACHR of all policies rises as the node cache capacity
rises. The main cause is that the number of cached contents rises as the cache capacity of
the nodes rises, making the percentage of cache nodes hitting content requests increase.
With the probabilistic caching scheme, the TSCCS strategy effectively increases the
diversity of cached content, thus responding to more content requests and improving the
cache hit ratio. Although the on-path strategies promote cached content to be constantly
close to users, they generate a huge amount of duplicate cache in the transmission path,
and the cached content is not sufficiently diverse to respond to only some of the requests.
The Betw policy stores cached content at critical nodes, whose high replacement rate
becomes a particular drawback, leading to frequently replacing cached content and
overall performance degradation. As shown in Fig. 4(b), ARD of all policies gradually
declines as the node cache capacity rises. The reason is that more content is cached in
the caching system and more and more content requests are responded to at the cache
nodes, which shortens the access path of user requests and reduces the access delay. The
TSCCS strategy shortens the access path of content requests with time slot correlation
to obtain the appropriate set of cache nodes and also stores different content copies
differentially in the cache space through the probabilistic caching policy to improve the
chance of popular content being cached near users and reduce the access delay. Although
the Prob and LCD policies accelerate the move of cached content to the edge nodes, they
ignore content popularity, making cached content replace frequently and reducing cache
performance. The LCE policy caches everywhere, which results in excessive redundancy
of cached content, and most content requests need to be responded to at the server. The
Betw policy only stores content copies at critical nodes, which results in the content
originally fetched at the cache nodes still being responded to by the server, raising the
content access latency. ASL of all policies trends downward as the node cache capacity
rises, as shown in Fig. 4(c). This is because the number of cached contents rises as
the node cache capacity rises, which causes the probability of content requests being
responded to at the cache node to rise and the number of requests responded to by
the server to decline. It is clear that the TSCCS policy prevails over the other policies.
This is because the TSCCS strategy takes into account both cache location and cache
content, thus fully improving cache space utilization. The on-path strategies have better
caching performance than the Betw policy. The Betw policy does not show significant
performance improvement during the cache capacity increase.
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6 Conclusion

To overcome the problems of lack of reasonable planning of cache locations and redun-
dancy of cache contents in the existing caching strategies in ICN, the TSCCS policy
is suggested. By constructing the DSAM network model, the time-varying features of
the satellite networks are effectively depicted. With the goal of selecting appropriate
cache nodes, the set of cache nodes is dynamically filtered out with the cache node
selection algorithm based on the eigenvector centrality. Lastly, the differentiated proba-
bilistic caching scheme is designed for content with different popularity to reduce cache
redundancy and achieve reasonable placement of cached data. Simulated experiments
illustrate that the TSCCS policy has advantages over the comparison scheme in the
aspects of cache hit rate, request delay, and server load.

References

1. Fu,S.,Gao,J.,Zhao, L.: Collaborative multi-resource allocation in terrestrial-satellite network
towards 6G. IEEE Trans. Wirel. Commun. 20(11), 7057-7071 (2021)

2. Jia, Z., Sheng, M., Li, J., Han, Z.: Toward data collection and transmission in 6G space-
air-ground integrated networks: cooperative HAP and LEO satellite schemes. IEEE Internet
Things 9(13), 10516-10528 (2022)

3. Zhang, X., et al.: Data-driven caching with users’ content preference privacy in information-
centric networks. IEEE Trans. Wirel. Commun. 20(9), 5744-5753 (2021)

4. Jacobson, V., Smetters, D.K., Thornton, J.D., Plass, M.E,, Briggs, N.H., Braynard, R.L.:
Networking named content. Commun. ACM 55(1), 117-124 (2012)

5. Laoutaris, N., Che, H., Stavrakakis, I.. The LCD interconnection of LRU caches and its
analysis. Perform. Eval. 63(7), 609-634 (2006)

6. Zhang, M., Luo, H., Zhang, H.: A survey of caching mechanisms in information-centric
networking. IEEE Commun. Surv. Tutor. 17(3), 1473-1499 (2015)

7. Man, D., Lu, Q., Wang, H., Guo, J., Yang, W., Lv, J.: On-path caching based on content
relevance in information-centric networking. Comput. Commun. 176, 272-281 (2021)

8. Chai, WK., He, D., Psaras, 1., Pavlou, G.: Cache “less for more” in information-centric
networks (extended version). Comput. Commun. 36(7), 758-770 (2013)

9. Zheng, Q., Kan, Y., Chen, J., Wang, S., Tian, H.: A cache replication strategy based on
betweenness and edge popularity in named data networking. In: 2019 IEEE International
Conference on Communications (ICC), Shanghai, China, pp. 1-6 (2019)

10. Wu, H.,Li, J., Zhi, J., Ren, Y., Li, L.: A hybrid ICN caching strategy based on region division.
In: CoNEXT 2019 Companion, Orlando, FL, USA, pp. 78-79 (2019)

11. Zhang,Z.,Lung, C., St-Hilaire, M., Lambadaris, I.: An SDN-based caching decision policy for
video caching in information-centric networking. IEEE Trans. Multimedia 22(4), 1069-1083
(2020)

12. Yang, Z., Li, Y., Yuan, P., Zhang, Q.: TCSC: a novel file distribution strategy in integrated
LEO satellite-terrestrial networks. IEEE Trans. Veh. Technol. 69(5), 5426-5441 (2020)

13. Li, J., Xue, K., Liu, J., Zhang, Y., Fang, Y.: An ICN/SDN-based network architecture and
efficient content retrieval for future satellite-terrestrial integrated networks. IEEE Netw. 34(1),
188-195 (2020)

14. Zhu, X., Jiang, C., Kuang, L., Zhao, Z.: Cooperative multilayer edge caching in integrated
satellite-terrestrial networks. IEEE Trans. Wirel. Commun. 21(5), 2924-2937 (2022)



56

16.

17.

18.

19.

R. Xu et al.

. Ngo, Q.T., Phan, K.T., Xiang, W., Mahmood, A., Slay, J.: Two-tier cache-aided full-duplex

hybrid satellite-terrestrial communication networks. IEEE Trans. Aero. Elec. Sys. 58(3),
1753-1765 (2022)

Liu, S., Hu, X., Wang, Y., Cui, G., Wang, W.: Distributed caching based on matching game
in LEO satellite constellation networks. IEEE Commun. Lett. 22(2), 300-303 (2018)
Taylor, D., Myers, S.A., Clauset, A., Porter, M.A., Mucha, P.J.: Eigenvector-based centrality
measures for temporal networks. Multiscale Model. Sim. 15(1), 537-574 (2017)

Hu, G., Xu, L., Xu, X.: Identification of important nodes based on dynamic evolution of
inter-layer isomorphism rate in temporal networks. Acta Phys. Sin. 70(10), 108901 (2021)
Zhu, X., Jiang, C.: Integrated satellite-terrestrial networks toward 6g: architectures, applica-
tions, and challenges. IEEE Internet Things 9(1), 437-461 (2022)



