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Abstract: SIN (Space Information Network) has recently emerged as a promising approach to solving the collaboration
difficulty among current space programs. However, because of the SIN’s large scale, high component complexity, and dynamic
characteristics, designing a proper SIN architecture is challenging. Firstly, we propose a novel SIN architecture, which is
composed of GEO (Geostationary Earth Orbit) satellites as backbone network nodes, LEO (Low Earth Orbit) or other types
of satellites as enhanced coverage nodes, and high-altitude platforms to meet the service requirements of emergency or hot-
spot applications. Unlike most existing studies, the proposed architecture is AS (Autonomous-System) based. We decouple
the complex SIN into simpler sub-networks using a hierarchical AS model. Then, we propose a topology control algorithm
to minimize the time delay among sub-AS networks. We prove that the proposed algorithm achieves logical k-connectivity
provided that the original physical topology has k-connectivity. Simulation results validate the theoretic analysis and
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1 Introduction

Space information and networking research have
added a new scientific and engineering era to space-
exploration history. In the early phase, ground
stations shot radio signals toward satellite antennas
whenever they came into view; the system’s coverage
and service ability was limited. Currently, among

the various kinds of space programs, most systems
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are single layered, such as Inmarsat, O3b, GPS

and Iridium!"*

. These systems provide particular
information services using their own strengths,
and the designs have always been targeted to meet
the services. However, in many applications, an
integrated service is needed in addition to a specialized
service. For instance, ATC (Air-Traffic Control) needs
integrated communication, navigation, and remote

. . 5
sensing services”. However, current space systems
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are not universal and differ from one mission to
another. This phenomenon in turn led individual
space programs to operate their own specialized
space-information networks. The immediate answer
is to develop a space-information network that can
be standardized, interconnected, and easily evolved
over future decades. Such motivations led to the
development of networking architectures and model
research for space-information networks.

SIN is a new type of self-organizing system composed
of space, air, land, and sea information systems[("]o].
It can integrate various types of platforms as network
nodes, e.g., satellites, HAPs (High-Altitude Platform
stations), aerial vehicles, and sensors. To meet the
various service requirements, SIN nodes can be
distributed to different altitudes, work in different
environments, and have different computing or
storage abilities. Thus, the SIN nodes’ behaviors
are complicated, and the network structure is three-
dimensional and multi-layered. Moreover, satellites,
HAPs, and aerial vehicles move in and out of sight,
so the SIN topology is dynamic. Because of these
distinguishing characteristics, SIN’s architecture
design and topology control is challenging.

Existing studies on SIN architecture mainly focus
on ML-SNs (Multilayered Satellite Networks). Three
main layers can be categorized, based on the orbital
distance from the Earth: GEO layer, LEO layer, and
MEO (Medium Earth-Orbit) layer. MLSNs usually
take two forms'""”, double-layered satellite networks
based on MEO/LEO or GEO/LEO satellites, and
three-layered satellite networks based on GEO/MEO/
LEO satellites. Since Kimura first proposed a double-
layer satellite constellation made of MEO/LEO
satellites in the 1990s"”, MLSNs have attracted many
researchers. J. Lee and S. Kang proposed a new multi-
layered and hierarchical satellite network architecture
called SoS (Satellite over Satellite), and designed
a corresponding routing protocol for hierarchical
satellite networks called HSRP (Hierarchical Satellite

Routing Protocol)""”. Tan F. Akyildiz et.al proposed an
IP-based routing algorithm for multilayered satellite
networks called MLSR (Multi-Layered Satellite
Routing)!"®. The algorithm is also suitable for three-
layered satellite networks consisting of GEO/MEO/
LEO. However, in most studies, all the MLSN layers
overlap and have similar functions. MLSN links are
complicated and inconvenient to maintain.

In this article, we first propose a novel SIN architecture,
which is composed of GEO satellites as backbone
network nodes, LEO or other satellite types as
enhanced coverage nodes, and high-altitude platforms
to meet the service requirements of emergency or
hot-spot applications. Compared with most existing
studies, the proposed architecture is AS (Autonomous-
System) based. An AS network is a collection of
nodes with similar properties. The reasons for using
an AS approach are twofold. Firstly, the complex
SIN is decoupled into a series of AS networks. Each
AS network can have an independent control and
transmission strategy. Secondly, the dynamic AS
network can be divided into small semi-static sub-AS
networks to simplify the control of each AS. Then,
we propose a topology control algorithm to minimize
the time delay among the AS networks. The proposed
algorithm preserves the k-connectivity of the original
network, and is min-max delay optimal. A min-max
algorithm tries to minimize the maximumend-to-end
delay between any pair of nodes in the network.

The rest of this article is organized as follows.
In Section 2, the proposed SIN architecture is
described. In Section 3, we define the AS network
model and decouple the SIN into AS networks. In
Section 4, we propose a topology control algorithm
to achieve low time delay and strong connectivity
between sub-AS networks. Then, the validity of the
proposed algorithm is proved in Section 5. In Section
6, simulation results are presented and discussed.

Finally, we conclude with Section 7.
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2 SIN architecture

In this section, we present the SIN architecture. As
stated above, SIN is a new type of self-organizing
system comprised of heterogeneous platforms to
meet various information-service requirements.
However, if we simply overlap the different space
programs as MLSNs, the SIN topology will be too
complex, and not realistic in practice. Thus, in the
proposed architecture, we use a GEO backbone as
the foundation of the SIN, and the other parts of the
SIN to enhance or access units. As demonstrated in
Fig.1, the SIN architecture is composed of five main
parts: the GEO backbone network, service-enhanced
satellite network, high-altitude platform network,
operation and control network, and access network.
(1) GEO backbone network. The GEO backbone
consists of three to five GEO positions connected as
a loop by high-speed laser links. Each GEO position
may contain several GEO satellites cooperating as a
DSC (Distributed Satellite Cluster). The DSC is an

alternative to a monolithic satellite with advantages
of stronger functions, lower risk, easy evolution,
etc."”?” A DSC can be physically composed of
communication, navigation, relay, or remote-sensing
satellites; however, we use a DSC as a logical node in
the topology. The inherent character of GEO satellites
(e.g., stationary over the Earth, vast coverage, and
mature technology) make them especially suitable for
being backbone nodes. As shown in Fig.2, three GEO
satellites (positions) can cover 92.15% of the Earth’s
surface with full coverage time.

(2) Service-enhanced satellite network. The
service-enhanced satellite network supplements
the GEO backbone and improves the SIN coverage
performance in the mid-high latitudes and polar
regions. This service-enhanced network is optional
(illustrated with dotted lines in Fig.1) in the early
stages of the SIN, and can be gradually extended. For
instance, as demonstrated in Fig.3, only nine LEO
satellites, evenly distributed in one polar orbit at an

altitude of 1 450 km, can cover the polar area well.
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Figure 2 Coverage time of 3 GEO satellites (positions) in
STK. The minimum ground elevation angle is 10 degree.
The green area is 100% covered by GEO satellites, and the

white area is uncovered

Figure 3 Coverage time of 9 LEO satellites in STK

These nine LEO satellites are connected as a loop by
ISLs (Inter-Satellite Links). They relay the backbone
information to the uncovered GEO area. Although the
SIN contains different satellite orbits, it is based on a
GEO backbone. Unlike MLSNs, other satellite orbits
only play enhanced roles to provide better coverage
with lower cost.

(3) High altitude platform network. Considering
the limited satellite resources, e.g., orbit, frequency,
and launching cost, services that only rely on
satellite platforms are costly, especially in hotspot
areas. However, because of the distinguishing
characteristics of HAPs, e.g., low cost, low time
delay, and high server capacity”"*?, they can make
up for the insufficient service of satellite platforms in
city areas. With their quick reaction capability, high-
altitude platforms can be rapidly deployed to meet

the demands for emergency rescue. Moreover, they

can be used for regional navigation in areas where
satellite signals are shadowed. They can also be used
as Earth observers in some situations. HAPs in the
network exchange information using high-speed laser
or microwave links.

(4) Operation and control network. The main tasks
of the operation and control network are to maintain
the normal operation of various types of platform,
and to provide operational support for users’ service
needs. The network is composed of a network control
subsystem, application management subsystem,
TT&C (Telemetry Track and Command) stations, and
gateway stations.

(5) Access network. The SIN access network
mainly refers to ground users, low-altitude terminals,
ground information grid networks, navigation
satellites, Earth observation satellites, deep-space
explorers, and satellite systems of other networks.
These components usually exist before SIN emerges,
and are gradually integrated into it. We color them
yellow in Fig.1.

1) Ground and low-altitude terminals include
sensors, hand-held devices, portable terminals, fixed
stations, vehicle terminals, ship-based terminals, and
unmanned/manned aerial vehicles. These terminals
can access the SIN through the GEO backbone
network, service-enhanced satellite network, or high-
altitude platform network.

2) Low-orbit spacecraft include various types of
Earth-observation satellites, missiles, and rockets.
The coverage area of a low-orbit spacecraft is small,
and the travel speed is high. It is difficult to maintain
a stable link between these spacecraft and ground
stations. However, using the GEO backbone as a
relay, the information from a low-orbit spacecraft to
ground is continuous.

3) Navigation satellites access the SIN through
the GEO backbone network, which transmits the
navigation data to other sub-networks or users to

enhance the navigation services.
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4) Deep-space explorers. With the GEO backbone
as a relay, communication between a deep-space
explorer and an Earth station can take two steps.
Firstly, the data can travel from the explorer to the
GEO satellite, unaffected by atmospheric conditions;
secondly, the data continues from the GEO satellite to
the Earth station using mature technologies.

5) Satellite systems of other networks. These
systems usually exist before the SIN emerges. They
can either access the SIN through a teleport station or
through ISLs with the GEO backbone. The function
of a teleport station is similar to that of a gateway
station; it connects the GEO backbone network,
ground network, and other satellite systems.

6) Ground network. The ground information grid
network in Fig.1 is the ground backbone network. It
accesses the SIN through gateway stations. Thus, we
have a double backbone network in space and on the

ground in the proposed architecture.

3 Network model

In this section, the AS network model is defined.

geostationary

As demonstrated in Fig.1, SIN is a new type of self-
organizing system composed of heterogeneous
platforms to meet various information-service
requirements. SIN nodes are distributed at different
altitudes and work in different environments in either
mobile (e.g., in HAP networks) or static (e.g., in
terrestrial wireless sensor networks) conditions. As
demonstrated in Fig.4, the SIN topology is complex.
If we apply a unified strategy to manage the entire
SIN, it will induce low efficiency, and fail to maintain
normal network operation with too much control
information. Thus, as shown in Fig.5, we divide the
SIN into a series of AS networks according to the
nodes’ properties. Each AS network can adopt an
independent topology-control strategy. AS-1 contains
all the SIN satellites and its topology is usually highly
dynamic but predictable. AS-2 contains the HAPs,
AS-3 contains the airplanes, and AS-4 contains the
ground nodes. The properties of AS-2/3/4 are similar:
their nodes move slowly and connect to each other
autonomously.

As shown in Fig.6, each AS network can be
further separated into sub-AS networks. With this
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Figure 4 Topology of SIN is complex
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Figure 6 Nodes in the AS network autonomously form

sub-AS networks and elect sub-AS cores

hierarchical AS model, the dynamic AS network is
decoupled into semi-static local sub-AS networks.
Thus, the SIN is easier to control. Nodes in the AS
network autonomously form sub-AS networks and
elect sub-AS cores. Each core dominates the topology
control of the intra-sub-AS network and inter-sub
AS network. That is, this node will be the member of
the sub-AS dominated by its parent core. The AS-1
topology control is usually based on the satellite
constellations’ design; we will not discuss it in this
article. The rest of this article mainly focuses on the
AS-2/3/4 inter-sub-AS topology control method.
Considering that the properties of nodes in an AS
network are similar, we assume that nodes in the
same AS network are homogeneous and have the

same maximal transmission range R,,. Let an AS

network topology be represented by an undirected
simple graph G=(V, E), where V = {u,, u,, ***
the set of nodes (or equivalently, vertices) and E =
{(u, w)l(u, u, € V) N (r(u, u)) < R,,,)} is the set of

links (edges). r(u;, u;) is the distance between nodes u;

,u,} 18

and u;. Each node is assigned a unique identifier (ID)
according to its property, e.g., MAC address.

We assume that G is a general graph, i.e., if (u, v)

€ E, u and v can exchange information with each
other. We also assume that the link is symmetric and
obstacle-free, and each node can obtain its location
information by some means (e.g., GPS). We next
define several graphs related terms, which will be
used in both algorithms and proofs. For all definitions,
we refer to graph G = (V, E) and sub-graphs G; = (V,
E)and G;= (V,, E)).
Definition 1 Weight function. For an edge e = (u, v),
the weight function is w(u, v) = (d(u, v), min(ID(u),
ID(v)), max(ID(u), ID(v))), where d(u, v) is the time
delay between » and v when exchanging information.
Given (u,, v)), (1, v,) € E, the relationship between
w(u,, v;) and w(u,, v,) 1s given as

w(uy, vi) > Wy, vy) <= d(uy, vi) > d(uy, v,)

or (d(uy, vi) = d(u,, v;)) N\

(min (ID(u,), ID(v,)) > min(ID(u,), ID(v,)))

or (d(uy, vi) = d(u,, v;)) N\

(min (ID(u,), ID(v,)) = min(ID(u,), ID(v,))) /\

(max(ID(u,), ID(v\)) > max(ID(u,), ID(v,))). (1)
It is obvious that edges with the same vertices have
equivalent weights. However, edges with different
end-vertices have different weights.

Definition 2 k-connected. In graph (topology) G,
node u is said to be connected to node v, if there
exists a path p = m, € Vand
(u, x,),(x;, x)),(x,,, v) € E. Further, for any u, v € V,
if there exists at least £ disjoint paths between them.
Graph G is k-connected, and denoted by CON (G,
k). If G is k-connected, it follows that, there does

not exist a set of k—1 vertices, whose removal will

where x;

partition G into two or more connected components.



Definition 3 Neighboring k-connected sub-graphs.
For two disjoint sub-graphs G; and G; of G, if Zu €
V,v € V,and = (u,v) € E, G, and G, are neighboring
sub-graphs, denoted by NBR;; (G,, G)). If CON (G,,
k) /\ CON (G, k), and 3 (uy, v)),*** (4, v) € E,
Ve €V, Gy and G;
are neighboring k-connected sub-graphs, denoted by
NBR; (G, G, k).

Definition 4 Multihop k-connected sub-graphs. Let
G,, G,, -+ ,G, be a partitioning of G. If = G, subject
to NBR; (G, G, k) /\ NBR G NBR; (G, G,, k), G,
and G; are multihop k-connected sub-graphs, denoted
byMCON; (G, G, k).

where u, **+ , u, € V,and v,, -

4 Algorithms for inter-sub-AS topology
control

In this section, we propose an inter-sub-AS topology
control algorithm. Considering the scale of a SIN,
a substantial proportion of the links are very long.
Excessive use of these longdistance links not only
brings additional delay but also reduces the system
efficiency™ **. Thus, in the SIN topology control,
end-to-end delay should not be ignored. Instead of
using long links in the proposed algorithm, nodes
in different sub-ASs collaboratively determine
which links should be used to form proper neighbor
relations, and unnecessary links are removed. As
a result, the network topology may be susceptible
to unpredictable events, such as hardware failures.
Therefore, to design a robust topology-control
algorithm, the networks’ k-connectivity is considered.
The failure of less than k-1 nodes will not disconnect
the k-connectivity network.

As mentioned above, nodes in the AS network
autonomously form sub-AS networks and elect
sub-AS cores using the backbone-based algorithm
proposed in Ref.[25]. In order to allow adjacent
sub-AS networks to discover each other every node

continue broadcasting hello message (NodelD,

d topology control

Location, CorelD, Degree, Delay) periodically. The
explanation of each field is as follows. 1) NodelD: the
unique ID of each node. 2) Location: the location of
each node. 3) CorelD: the ID of the core with which
the sending node is currently associated. Note that a
core node uses its own ID for this field. 4) Degree:
the degree of connectivity (the number of neighboring
nodes). 5) Delay: time delay to each neighboring node
when exchange information. When a node u receives
a hello message from a node v that belongs to a
different sub-AS (e.g., they have different CorelD), u
will place v’s information in its border list. Then this
border list is reported to the node’s parent core. With
these border lists, we present a distributed algorithm
for inter-sub-AS. This algorithm is described in
Algorithm 1. Where G represents the AS, and let G|,
G,, -+, G, (sub-AS) be a partitioning of G.

In this algorithm, the core of a sub-AS A4 checks
whether there exist £ disjoint links from this sub-
AS to each adjacent sub-AS B. That is accomplished
by applying an algorithm (MaxMatching)"® that
computes a matching of maximum cardinality in a
bipartite graph defined by the nodes in respective sub-
AS networks and the edges with one vertex in each
sub-AS. If £ does not exceed the size of maximum
cardinality matching, the core of sub-AS 4 select k£
disjoint links that meet the min-max delay optimal.
When there does not exist £ disjoint links between
Aand B (only k,, disjoint links), the core preserve
the k,-connectivity between these two sub-AS
networks and minimize the maximum delay between
them. Note that this connectivity preservation (k-
connectivity) cannot guarantee k-connectivity between
sub-AS A4 and B. However, global k-connectivity can
be guaranteed after Algorithm 1 is completed as long
as the original physical topology is k-connectivity.
This will be proved in Section 5.

Parameter D,, (G,, G,) in Algorithm 1 is used to
perform an optimization which removes unnecessary

links between certain adjacent sub-AS networks,



while preserving the connectivity of the resulting

topology. D,, (G,, G,) is the maximum delay of the
selected k links. However, when the number %,, of
disjoint links between two adjacent sub-AS networks
is less than &, D, (G,, G,) is . Then, sub-AS 4 will
not connect to a neighboring sub-AS B directly if it
observes that there exists another sub-AS C, where C
is also a neighbor of B, and both D,, (G,, Go)and D,,
(G, G) are less than D,, (G, Gp).

After Algorithm 1 is completed, each border node
is as-signed an inter-AS link list, and border nodes
of different sub-AS connect each other according to
these lists. This topology will be maintained by every
node with hello message periodically, and always
preserve the objective connectivity of the network.

Tab.1 shows the average control messages utilized
to complete the topology algorithm for each sub-
AS. Let N be the total number of nodes in the AS
network. Let S be the number of sub-AS networks,
and N be the average number of nodes per sub-AS,
i.e., Ny = N/S. Let R, be the average probability of
nodes that are border nodes in a sub-AS, where 0 <
Rz <1. Let Sy be the average number of neighboring
sub-AS networks for each sub-AS, i.e., 0 < S, <S.
We partition Algorithm 1 into major steps. Hence,
from Tab.1, the total number of control messages
required in the AS is § (Ng Ry + 25, + 2). It can
be simplified as Ry;N + 25,5 + 28, which is o(N) +
o(S,S) in the worst case.

Algorithm 1: Inter-sub-AS topology control
Input: (at sub-AS G, = (V}, E)))
k (required connectivity)
Output:

Links for all nodes in G,’s border list.

Begin:
Gi= Vi E)s Vig = Vi By — &
for all G, subject to NBR4(G,, G;) do
V—{v|(v € G) A (visadjacentto G,)}
Vi— Vs UV

(uelf})x\(veV')A}

Eki «— {(H'V) (}‘(H,V) = Rmux)

M—g
E, < sort all edges in £, in ascending order of
weight (as defined in Definition 1)
k,, < |MaxMatching (G,)|
% |MaxMatching (G,;)| is the number of edges
in MaxMatching (G,;)
if k, = k then
for all edges e, = (u,, v,) € E, in the order
do
Find the smallest ¢, subject to |M| = £,
where M «— MaxMatching (G, = (V,;, E, (1)), and |M]
is the number of edges in M, E, () = {e,, *** ,e,}
end for
L(G,, G)) < M, where |e/ is the weight of e,
L(G,G)—M
else
for all edges e, = (u,, v,) € E, in the order
do
Find the smallest ¢, subject to |M| = k,,
and M «— MaxMatching (G,= (V,, E, ()

end for
Dy (G, G)
L(G, G)—M
end if
Send D,, (G,, G,) to neighbor sub-AS
end for

Collect D,, from neighboring sub-AS
LIST — @&
for all G, subject to NBR;; (G, G,) do
if there does not exist G, subject to
NBR; (G, G,) /\ NBR; (G, G,) N\
(Du (G G) <Dy (G G) A
Dy (G,,G) <Dy (G, G,) then
LIST «— LIST U L(G,, G)
end if

end for
Return LIST




5 Proof of strong connectivity

In this section, we prove that the strong connectivity
of Algorithm 1% The results are given as the
following theorems. Note that, we have not present
intra-sub-AS topology control algorithms in this
article. However, different intra-sub-AS topology
control algorithms may be executed in sub-AS
networks before Algorithm 1 is executed. But in order
to achieve global k-connectivity, nodes of any intra-
sub-AS should be k-connected. That is, for every sub-
AS G,, we know that CON (G,, k) is true.

Theorem 1 Let G = (V, E) be the initial topology
of an AS. Let G' = (V, E’) be the topology after
Algorithm 1 is completed. Then we have CON (G, k)
<> CON (G, k).

Before proving the correctness of Theorem 1,

several lemmas used in that proof are first provided.
Lemma 1 Let G, = (V, E) and G, = (V, E)) be two
sub-graphs of graph G. If NBR;; (G,, G, k), then CON
(G; U G, k).
Proof of Lemma 1 In order to prove CON (G; Ug G,
k), we prove G; Ug G, is connected with the removal
of any k-1 vertices from it. Since NBR;; (G, G, k), we
have CON (G,, k) and CON (G, k), i.e., consider any u,
v € G,oru,v € G, u is k-connected to v. Then we
only need to consider the case (v € G)) /\ (v € G)).

Since NBR;; (G, G, k),3u, € G, v, € G, u, is conne-
cted to v, with the removal of any k-1 vertices from
V. UV, ={u,, vo}. With CON (G,, k) and CON (G}, k),

we know that u is connected to u,, and v is connected

on network architecture and topology control

to v,. Hence u is connected to v. That is, G; Ug G, is
connected with the removal of any k-1 vertices from it.
Corollary 1 Let sub-graphs G,, G,,*> , G, be a
partitioning of G. Let S,, be the maximal set of sub-
graphs subject to v G, G, € S,,, = MCON; (G, G, k).
Then, Us {G/|G; € S,,} is k-connected.

Lemma 2 Let G, be a sub-graph of G, and let G|’ be
edges reduction of G,. Let G" = (V, E') = (G — G,) Ug
- G/.If CON (G, k) /\ CON (G/, k) /\ CON (G, k),
then CON (G", k).

Proof of Lemma 2 In order to prove CON (G", k),
we prove '/ u, v € G" is connected with the removal of
any k-1 vertices from G"'. Without loss of generality,
three cases are considered in the following.

1) u,v € V Itis obvious true because of CON (G, k).

2Du € V,andv € V— V,: Since CON (G, k), u
is connected to v in path p with the removal of any
k-1 vertices in G. If p € E—E_, p is also exist in G”,
u is connected to v by removing those k-1 vertices.
Otherwise, = (a € p) A (a € V,) and a is connected
tovin G — G,. Since CON (G/, k), u is connected to a
by removing those k-1 vertices. Then u is connected
to v with the removal of any k-1 vertices in G”.

3 u,v € V-V, Similarly, since CON (G, k), u is
connected to v in path p with the removal of any k-1
vertices in G. If p © E —E, u is k-connected to v in
G". Otherwise, = (a;, a, € p) N\ (a;, a, € V), uis
connected to g, and a, is connected to v in G—G,.
Since CON (G',, k), a, is connected to a, by removing
those k-1 vertices. Then u is connected to v with the

removal of any k-1 vertices in G".

Table 1 Average message complexity in a sub-AS

steps in each phase

number of control messages

All border nodes report their border lists to the parent core. N, Ry
Core node distribute D, vector to its border nodes. 1
Border nodes send D, , vector to border nodes of other sub-AS. Sy
Border nodes of other sub-AS report D, , vector to their parent core. Sy

Core node sends the link list to the sub-AS members. 1




Corollary 2 Let G, G,,*-*,G, be k-connected sub-
graphs of k-connected graph G. Let G/, G,',-*,G,’ be
edges reduction of G|, G,,***,G,, andG/', G,',*-*,G,’ are

k-connected. Then, G"=[G - U, GJ.JU“ (UU G:]
i=l i=1

is k-connected.

Lemma 3 Let G = (V, E) be the initial topology of an
AS. Let G' = (V, E') be the topology after Algorithm
1 is completed. Let G; = (V,, E;) be sub-AS networks,
,n. Let G/ = (V, E/), where E/ = E,
N E'. Then, '/ i, j subjectto | < i <Xj < n, we have
MCON;; (G,, G,, k) = MCON, (G/, G/, k).

Proof of Lemma 3 Since nodes of any intra-sub-AS

where i = 1, -

are k-connected. We take a sub-AS as a node here.
Formally, we represent graph G as ¢; =(V;, E), where
Vi=1G,, Gy, **», G,} and Eg= {(G, G)INBR; (G;, G,
k)}. Actually, edge (G;, G)) contains at least k disjoint
paths between G, and G,. Let ;' = (Vs, EJ') be the sub-
AS level representation of G', where Ey' = {(G/, G/)
INBR; (G/, G/, k)}. We use V to represent the set
of sub-AS networks in ¢;', because we need not to
consider the topology of intra-sub-AS (both G, and
G/ are k-connected). We take all of them as nodes, so
we consider (G;, G)) and (G/, G/) as the same edge.
Recall that in Algorithm 1, each edge (G, G) € Ej
has a weight D, (G,, G)).

In order to prove Lemma 5, it suffices to show that
v G, G, € (G, G, is connected to G, in ;. We order
all edges in (; in the ascending sequence of weights,
and then judge whether an edge should be place into
(. Without loss of generality, let the ordering be (e,,
e, ***.e,), where m =|Ej|. Then we prove Lemma 5
by induction.

Base: Obviously, the pair of sub-AS networks
corresponding to edge e, should always be placed into
G ie. e € EJ.

Induction: v/ ¢ < m, if for all g <, the pair of sub-
AS networks corresponding to e, are connected in

;' (either directly or indirectly). And suppose e, = (G,

G)). From Algorithm 1, the only reason why e, & E§' (G;
is not directly connected to G;in (;') is that there exists
another sub-AS G, where both D,, (G,, G)) and D,, (G,
G)) is less than D, (G, G,). However, since edges (G,
G)) and (G, G)) come before (G;, G)) in the ascending
order. From path QT!(’;’ G, is connected to G; in ¢;'.

By induction, we prove that G, is connected to G;
in (7, and then MCON;; (G, G,, k) = MCON;; (G/,
G/, k).

Finally, we prove the correctness of Theorem 1.
In the proof, G, and G, have the same definition in
Lemma 3.

Proof of Theorem 1 For every sub-AS G,, we know
that CON (G,, k) is true. Then we partition those
sub-AS networks into sets 4,,"-+ , 4, where each set
contains sub-AS networks are multihop k-connected
inG,ie,vyr=1,--,s, then, (G, € 4,) /\ (MCON,
(G, G, k)) = G; € A4,. Then we define sets 4,', ==+, 4/,
where v i, G; € 4, = G/ € A4,. Applying Lemma
3 here, forevery 4,/ = { G,", =+, G, "}, vl < i<
J =< m, we have MCONg, (G,/, G,/, k). Take 4, as a
sub-graph of G', 4, =(V,, E, ), where V,, = {v |v €
A}y and E, = {(u, V|(u, v € 4") N\ (u, v) € E')}.
Since 4,’ only contains multihop k-connected sub-
graphs, applying Corollary 1 here, we have 4,’ is
k-connected. Then, applying Corollary 2 here, we have

G'= [G —[Uf; A, ]]Ur; (Ur

Then CON (G, k) <> CON (G', k).

A,.'} is k-connected.

6 Simulation results and discussions

In this section, we present a set of simulation results
to evaluate the effectiveness of the proposed inter-
sub-AS topology control algorithm. These simulations
were carried out using the NS2 simulator.

In the simulation study, nodes are randomly
distributed in a 2 000x2 000 km’ region. In order
to study the effect of sub-AS size on the resulting

topologies, we vary the number of nodes in the



region among 125, 150, 175, 200, 225, 250. The
maximal transmission range R, of each node is
350 km.

For each AS network, we consider:

1) k-connectivity: k=1 and k=2;

2) algorithms: Firstly, nodes in the AS network
autonomously form sub-AS networks and elect
sub-AS cores using VDBP™". Secondly, the proposed
inter-sub-AS topology control algorithm is executed.

3) 1 000 Monte Carlo simulations.

We configure that each node is at most one hop
away from its parent core. In our simulations, the
VDBP algorithm generates sub-AS networks where the
average number of nodes per sub-AS is 6.7, 7.7, 8.6, 9.7
and 10.2 (results of 1 000 simulations), respectively.

In Fig.7, we show average and maximum delay
between two sub-AS networks which obtained from
the proposed algorithm. Note that, we only consider
link propagation delay in the simulation. It is evident
from those results that the proposed algorithm is
effective in reducing the delay between nodes. Recall
that the maximal transmission range R, of one
node is 350 km. The corresponding delay is 1.167
ms. When k = 1, the proposed algorithm reduces
the maximum delay to 0.864 ms when there are 125
nodes in the AS and as low as 0.577 ms when there
are 225 nodes. For the average delay, the proposed
algorithm reduces the delay to 0.524 ms when there
are 125 nodes in the AS and as low as 0.354 ms when
there are 225 nodes. When &k = 2, both the maximum
and average delay results are higher than when &k =
1. That is expected because 2-connected is a stronger
property than 1-connected. This is the consequence of
having to maintain another higher delay link between
adjacent sub-AS networks.

Fig.8 illustrates the number of messages exchanges
required per node to complete the proposed algorithm
in our simulation environment. Recall that the
message complexity of the proposed algorithm is

o(N)t+o(Sy S). For each node, the average number of
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Figure 7 Delay results from the proposed topology control
algorithm when k=1 and k=2

messages required is (o(N)+o(Sy S))/N = o(1). The
result validates the analysis. When number of nodes
in the AS increases from 125 to 225, the average
number of messages required per node does not
increase. This shows the proposed algorithm has little

extra overhead.

3.5

3.0

2\—4\9,_,9

2.0

average number of messages per node

1.5 . . . . .
120 140 160 180 200 220

number of nodes in random topology

Figure 8 Number of messages exchanges per node when

the number of nodes in the AS increases

7 Conclusion

In this study, we investigated the SIN architecture

and topology control. We first proposed a novel



SIN architecture, which was composed of GEO
satellites as backbone network nodes, LEO or other
satellite types as enhanced coverage nodes, and high-
altitude platforms to meet the service requirements
of emergency or hot-spot applications. Then, we
proposed a hierarchical AS network model, which
decoupled the complex SIN into simple sub-AS
networks, and made the SIN’s topology control easier
to carry out. Finally, we proposed a topology control
algorithm to minimize the time delay among sub-
AS networks. We proved that the proposed algorithm
achieved logical k-connectivity on the condition that
the original physical topology had k-connectivity. Our
simulation results validated the theoretic analysis and
effectiveness of the proposed algorithm.

Although the assumptions stated in Section 3 are
widely used in existing topology algorithms, some of
them may not be practical. Our future work will focus
on relaxing these constraints (e.g., nodes in one AS
are homogeneous) for the proposed algorithm so as to
improve its practicality in real applications. Furthermore,
we will also consider the topology control of AS-1

(composed of satellites) in the near future.
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