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Large-scale heterogeneous constellations will be the major forms of future space-based systems, and the implementation of
numerous derived applications depends mainly on intersatellite communication. The nodes representing heterogeneous
satellites will form the networks with rapidly changing topology. However, few researches have been carried out for such
networks. This paper studies the broadcast mechanism for space dynamic networks and establishes centralized and distributed
routing framework. And then, performance evaluation indicators are proposed to evaluate both the connectivity of dynamic
networks and the effectiveness of routing algorithms. Finally, we examine the performance of multigroup networks and verify
the rationality of corresponding indicators. We also explore the impact of information survival time which directly affects the
delivery ratio and, if unfortunately, may waste the communication resources. Empirical conclusion about the survival time is
given in the final part. We believe the performance indicators and the routing algorithms proposed in this paper are great help
to future space-based system and both the broadcast mechanism designing.

1. Introduction

With the development of space technology, the cost of
deploying low-earth orbit (LEO) spacecrafts is rapidly
decreasing. In recent years, a series of LEO satellite cluster
programs have been proposed by several institutes [1–3].
The most representative one is the Blackjack Pit Boss
program proposed by Defense Advanced Research Projects
Agency (DARPA). Through communicating at the commer-
cial data transmission layer and combining with onboard
data processing software, it can realize various strategic
missions such as target identifying, tracking, surveilling, area
reconnoitering, and all-weather multidomain resource
detecting without the involvement of human. Data sharing
by effective communication mechanism is a prerequisite
for these cluster programs to accomplish data fusion, auton-
omous decision-making, and collaboration. Therefore, it is
necessary to make a profound study on the network struc-
ture and communication mechanism of satellite cluster.

The delay/disruption tolerant network (DTN) model
proposed by Intel and NASA has been widely used for space
networks [4, 5]. The Consultative Committee for Space Data
Systems (CCSDS) has also built a DTN working group to

promote the standardization of DTN technology. DTN
adopts “store-wait-forward” routing mechanism, that is, an
intermediate node stores information temporarily, waits for
the establishment of a communication link with the next
hop node, and then forwards the information. By repeating
this mechanism, information is transmitted from the source
node to the destination node.

The most well-known routing algorithm for the DTN
model is the epidemic algorithm [6]. It can reach the highest
delivery ratio in the shortest period without any prior
knowledge assistance. However, epidemic algorithm leads
to a severe wasting of resources. An improved and universal
method called PRoPHET can efficiently cut down the over-
head by some constrains [7], that is, nodes deliver messages
through the similarity which decided by the history, i.e., the
implement of the PRoPHET algorithm requires prior knowl-
edge. There are other routing algorithms proposed in [8–11],
both of whom are flooding-based and can achieve trade-off
through dropping or reducing policies. Indeed, all these
algorithms can realize high delivery ratio and low average
delay if the resources are unlimited.

Based on the predictability of space networks, Merugu
and Zegura and Fischer et al. have studied the routing
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framework, routing algorithms, and the effective solutions to
unexpected situation [12, 13]. Their main works include
designing both the space-time graph and the optimal
transmission routing table from the source node to the
destination node. Such space-time graph-based algorithms
are channel resources friendly, yet they have high computa-
tional complexity. Similar space-time graph-based algo-
rithms can be referred to [14–17]. Yan et al. and Wang
et al. have evaluated these typical DTN routing algorithms
and designed an onboard routing algorithm [18, 19]. Based
on the transmission delay, delivery ratio, they have given
some suggestions for future space DTN research.

Scholars have conducted extensive research on space
DTN, and most of these focus on end-to-end information
transmission. Future LEO satellite clusters, such like Black-
jack program, are more dependent on information sharing
among all satellites, so as to achieve efficient data fusion,
autonomous decision-making, and collaboration. However,
there is still a lack of research on space dynamic networks
under this broadcasting mechanism. This paper is aimed at
proposing some metrics that can effectively evaluate the net-
work performance and routing algorithm performance
under broadcasting mechanism and providing valuable ideas
for subsequent research.

2. Model

Static network has simpler model, with more complete
research in theory and engineering implementations. The
dynamic network is totally different since the dynamic net-
work is with sequence and irreversibility. For example, if
node A is connecting with node B and B is connecting to
C, then there is a link between A and C. However, in
dynamic network, if the connection between A and B occurs
after B and C, then we cannot assert that there is a link
between A and C.

Dynamic networks are usually divided into two forms:
lossless form and lossy form. The lossless form records all
the connection status, while lossy form divides timespan
into several segments, regards every segment as a static net-
work, and finally connects all segments to form a complete
network. The lossless form needs to record every moment
that connection relationship has changed, which requires
a large amount of storage. Therefore, the lossy form can
be used to model a dynamic network [12, 13]. Considering
a quaternion,

c = a, b, t, δtð Þ, ð1Þ

where fa, bg represents the two nodes, respectively, and
denotes the moment connection occurring and δt denotes
the duration of the connection. For a segment ½tm, tm + Δt�,
if c satisfies one of the following conditions,

tm ≤ t < tm + Δt,

tm ≤ t + δt < tm + Δt,

t ≤ tm < tm + Δt < t + δt:

ð2Þ

Meeting any of the above conditions means that there is
always a part of time in the whole connecting duration that
is within the specified segment ½tm, tm + Δt�. Then, an edge
is created between the nodes, and all such edges form the
set of edges Em. Let the snapshot of segment ½tm, tm + Δt� be
Sm = ðN , EmÞ. Then, we can model the dynamic network as
G = ðI, SÞ, where I represents the total timespan, I = ½Tstart,
Tend�, and S is the set of all snapshots. Accumulating each
small segment can obtain the entire networks.

As shown in Figure 1, there exist four nodes N = fA, B,
C,Dg, and the subgraphs of Figure 1 are snapshots fS1, S2,
S3, S4g. At time t1, if node A needs to transmit information
to target node C, there are two routing methods: (1) infor-
mation is transmitted from node A to node D at time t1
and then transmitted from node D to node C at t2, and this
“store-wait-forward” routing way belongs to the DTN
method; (2) node A waits until t3 to establish a complete
path with node C, and this routing method is often used
for ad hoc networks. Obviously, the complete path between
the source and the destination may not always appear, so
the DTN routing method can not only realize the informa-
tion delivery in a shorter time, but also improve the delivery
ratio [20–22].

3. Routing in Space Networks under
Broadcasting Mechanism

Traditional research focuses on end-to-end communication
(unicast) problems [23–25], and its routing algorithms and
routing metrics are based on the quality of end-to-end com-
munication. Nowadays, there are also some studies for mul-
ticast problems [26–28], but the difference between “unicast”
and “multicast” mainly lies in the improvement of routing
algorithms but not evaluation metrics. Traditional routing
algorithms show some inspirations to the broadcast mecha-
nism, while the evaluation metrics are obviously no longer
applicable. This section will propose some frameworks for
centralized and distributed routing algorithms under broad-
cast mechanisms.

3.1. Centralized Routing Algorithm Framework. The funda-
mental reason why space networks can achieve centralized
routing is that they are predictable. And we can directly
design the optimal transmission routing table by predicting
the future contacting graph. The centralized routing under
the broadcast mechanism has the following features:

(1) A connection-oriented transmission protocol is usu-
ally used, i.e., when two nodes satisfy the connection
conditions, they are considered as linked, and all the
links are equal. For example, node A establishes a
connection with node B, and at the same time node
A establishes a connection with node C, the two links
are equal in the calculation of the optimal path,
regardless of which node is closer to node A. This
is because usually the waiting time for nodes to
establish a link is much longer than the information
propagation time, so the path distance can be
ignored
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(2) Create evolutionary contacting graphs based on
model characteristics. Since the source node has to
design the optimal path for broadcasting to all other
nodes, it needs to maintain a series of evolutionary
graphs from current to the future. There are 2 ele-
ments need to be considered while designing con-
tacting graphs:

(a) The time interval between adjacent graphs

(b) The total number of required graphs, which can
reflect the information survival time (time-to-
live, TTL)

These two elements directly affect the storage and com-
putation, and a feasible optimization method is to discard
the connection whose duration is shorter than a certain
threshold and then select the remaining shortest duration
time as the graph interval time. The threshold must be
greater than the sum of the message sending delay and prop-
agation delay. The selection method for the number of
graphs, i.e., the TTL, is usually related to the network con-
nectivity performance, which will be analyzed in detail later.

After above steps, let the distance between nodes be the
moment that they connect. The contacting graph of
Figure 1 is shown in Figure 2.

After obtaining contacting graph as shown in Figure 2,
the optimal routing problem can be treated as optimal path
problem.

(3) Select an optimal path algorithm, usually the shortest
path algorithm can be used, such as the Dijkstra
algorithm [29]. But our case is a little different from
classical problem since there is a time sequency lim-

itation. Fortunately, the Dijkstra algorithm can
always find one shortest path from source node to
any others with forward property [30] (i.e., easily
satisfying the time sequency requirement with a lit-
tle modification), and the detail of the improved
Dijkstra algorithm for the shortest-path problem
in above evolving graphs is discussed in [19]

3.2. Distributed Routing Algorithm Framework. The epi-
demic algorithm based on the flooding mechanism is an effi-
cient distributed routing algorithm for broadcast [31, 32].
Each time two nodes establish connections, they exchange
the list of messages IDs and transmit the messages that the
opposite does not have by comparing the list. Obviously,
the epidemic model can achieve the fastest message trans-
mission to all nodes, but when the number of nodes is large,
connections will be established constantly, thus generating
redundant list exchanges and consuming more energy. One
solution is to reduce the transmission times by setting a
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Figure 1: Topology evolution of dynamic network.
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reasonable message survival time TTL and deleting expired
messages [9].

In addition, employing a priori knowledge of the network
can also get better results [33–36], which include the routing
algorithms based on the structure of network communities.
This algorithm uses different routing mechanism for inter-
community and intracommunity, to achieve better routing
results. The use of this method first requires reliable commu-
nity detection, and for the problem of distributed community
detection in dynamic networks, this paper proposes a
method that is simple to implement by only three steps:

(1) Set all spacecraft as a single-node community and set
the similarity between nodes to 0

(2) Calculate the similarity between nodes

(3) Compare the similarity with the threshold and then
update the community ID according to the
comparison

The similarity f i,jðtÞ between node i and node j at time t
is updated by the following:

f i,j tð Þ =
1 + f i,j t − 1ð Þ ⋅ ω connection exists at tð Þ,
f i,j t − 1ð Þ ⋅ ω connection not exists at tð Þ,

(

ð3Þ

where the decay coefficient ω satisfies 0 < ω < 1.
If node i and node j are always connected, the similarity is

max f i,j tð Þ
h i

= 1 + ω + ω2 + ω3+⋯: ð4Þ

And it satisfies the following:

max f i,j tð Þ
h i

<
1

1 − ω
: ð5Þ

If node i and node j are not connected at moment t, the
similarity f i,jðtÞ is

f i,j tð Þ = f i,j t − 1ð Þ ⋅ ω: ð6Þ

And it satisfies the following:

f i,j tð Þ <
ω

1 − ω
: ð7Þ

Therefore, let the threshold λ be

λ =
ω

1 − ω
: ð8Þ

This threshold ensures that members within the same
community remain connected when the update time is

reached, and update and determine the community ID syn-
chronously. The update strategy is as follows:

(1) If f i,jðtÞ ≥ λ, then group the nodes i and j into the
same community

(2) If f i,jðtÞ < λ, then divide the nodes i and j into differ-
ent communities

(3) When nodes i and j are in the same community and
nodes j and k are in the same community, then
group the nodes i and k into the same community
through simple communication

In our experiment, community detection is performed
for 115 satellites in orbit, and the community structure at
some point is shown as Figure 3.

After the distributed community detection, a community
structure which is highly connected intracommunity can be
obtained. Based on this, a distributed routing framework can
be designed as shown in Figure 4.

In Figure 4, fA, B, C,D, E, Fg are the IDs of each com-
munity, and the specific process of the algorithm is as
follows:

(1) Intercommunities. Using the epidemic model, the list
records the community IDs which have obtained the
corresponding message, and when nodes meet, only
part of the list is exchanged (opposite is not recorded
in this part), and through it to build a delivering
request. The opposite accepts (opposite has not
received these messages so far) or rejects (opposite
has already received these messages but the requester
is still unknown, e.g., “A” sends message to “B,” and
then, “A” sends it to “C.” Through the list, “C”
knows that “B” has the message yet “B” does not
know that “C” already has it. “B” plays the role of
“requester,” and “C” is the “opposite” who rejects
the requirement) it according to the conditions and
updates the list after the delivery is completed. For
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Figure 3: Community structure of the onboard S/C.
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example, when any two nodes in community E and
community F meet again after the list in Figure 4
updated, no exchange request is made to F because
F exists in all lists of community E. Similarly, E
exists in all lists of community F, so no exchange
request is made to E.

(2) Intracommunity. Due to the strong connectivity, it is
possible to quickly generate a static graph of the
community and design an optimal routing policy
without redundancy.

In the distributed routing algorithm, nodes do not need
to maintain a large amount of contacting graph or design a
routing table in advance. It not only saves computational
resources, but also has stronger robustness.

4. Performance Evaluation

At present, there are few studies on the broadcasting mech-
anism of space networks with rapidly changing topology. It
is necessary to carry out the evaluation mechanism for both
network itself and routing algorithm. To this end, we aim to
provide theoretical support for the design of future space-
based system and both the routing algorithms.

4.1. Average Delivery Ratio. The average delivery ratio is
defined as the average ratio of nodes that receive randomly
generated messages within TTL. And it can reflect the con-
nectivity of the entire network. It can be calculated as follows:

D =
∑s

j=1∑
n
i=1d

j
i

s ⋅ n − 1ð Þ , ð9Þ

where s is the total number of messages, n is the number of
nodes, and dj

i is obtained by the following:

dj
i =

1 the jthmessage is delivered to node ið Þ,
0 node i is the sourceð Þ,
0 the jthmessage is not delivered to node ið Þ:

8>><
>>:

ð10Þ

Ignoring the sending and propagation delay, we can
define the instantaneous connectivity of the network as
follows:

Dinstant =
∑s

j=1∑
n
i=1d

j
i

s ⋅ n − 1ð Þ

�����
TTL=0

: ð11Þ

4.2. Average Transmission Time. The average transmission
time can reflect the degree of network connectivity and is
defined as the average time that expended for delivering mes-
sages to other nodes within the message survival time TTL.
To describe the performance more concretely, we use relative
average transmission time and absolute average transmission
time, respectively.

4.2.1. Relative Average Transmission Time. The relative aver-
age transmission time can be defined as follows:

Trela =
∑s

j=1∑
n
i=1t

j
i

s ⋅ n − 1ð Þ , ð12Þ
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Figure 4: Routing based on community structure.
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where t ji is obtained by the following:

t ji =
TDj

i the jthmessage is delivered to node ið Þ,
TTL the jthmessage is not delivered to node ið Þ,

(

ð13Þ

where TDj
i is the time delay of jth message delivered to

node i.

4.2.2. Absolute Average Transmission Time. The absolute
average transmission time can be defined as follows:

Tabs =
∑s

j=1∑
n
i=1t

j
i

∑s
j=1 nj − 1
� � , ð14Þ

where t ji is obtained by the following:

t ji =
TD j

i the jthmessage is delivered to node ið Þ,
0 the jthmessage is not delivered to node ið Þ:

(

ð15Þ

4.3. Average Times of RREQ Initiated. To evaluate the effi-
ciency of the routing algorithm, the metric of the average
times of RREQ initiated is proposed. Since the routing goal
of the space network is to transmit messages to all nodes,
then the total amount of messages that need to be transmit-
ted is equal for both the flooding algorithm and the optimal
routing algorithm. The difference between them lies in the
number of connection establishment and the times of rout-
ing requires initiated. The flooding algorithm needs to initi-
ate a flood of routing requests, while the optimal routing
algorithm only needs to initiate n − 1 times routing requests.
Obviously, it is possible to reduce energy consumption by
designing efficient routing algorithms that reduce the times
of RREQ initiated.

We define the average times of RREQ initiated as
follows:

H =
∑n−1

i=1 ∑
n
j=i+1h

j
i

s ⋅ n − 1ð Þ ⋅D , ð16Þ

where s is the total number of messages, n is the number of
nodes, D is the average delivery ratio, and hji is the times of
RREQ initiated between node i and node j.

4.4. Ratio of Congested Node. The ratio of congested nodes
can reflect the engineering feasibility of the routing algo-
rithm. If the node transmission capacity is not considered,
the designed routing algorithm may excessively use a specific
node in a short period of time, which leads to node overload
as well as data loss. Therefore, designing the routing algo-
rithm by considering the congestion of nodes will enhance
the reliability of the algorithm in practical engineering.

We define it as the ratio of nodes that arise congestion
events when messages are broadcast to the entire network:

C =
∑n

i=1ci
n

, ð17Þ

where ci is defined as follows:

ci =
1 U ≥ λð Þ,
0 U < λð Þ,

(
ð18Þ

and where U is the ratio of the messages need to be trans-
mitted by node i to the maximum transmission capacity of
node i and λ is the capability threshold, where U is related
to both the total number of messages, the message genera-
tion interval, and the routing algorithm.

5. Simulation and Analysis

Combined with the orbit of space-based systems, we imple-
ment simulation to verify the rationality of the metrics that
we proposed for evaluating the performance of dynamic
network and the broadcasting mechanism. The simulation
uses the actual orbital data of infrared and electrodetection
satellites in orbit. The communication conditions are set as
Figure 5.

Two satellites can realize communicate when they meet
the following conditions (approximately estimated accord-
ing to Iridium constellation [37, 38]): (a) the distance
between them is less than 4000 km; (b) the height of com-
munication link is always larger than 100 km to the ground.

5.1. Performance Comparison of Different Space Networks.
We have selected 10 satellites randomly among all satellites
to generate a satellite network, and the network is expanded
based on add new satellites. All five groups of the networks
are shown in Figure 6.

The simulation generates 500 messages randomly in
multiple moments, respectively, and sets the TTL to 3000
seconds. To compare the performance of different network

Satellite 1 Satellite 2d < 4000 km

h > 100 km

0

Figure 5: Schematic of intersatellite communicable conditions.
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structure, we both use epidemic routing algorithm for these
networks. Figure 7 shows the average delivery ratio of net-
works in Figure 6.

The connectivity performance of the network tends to
increase as the number of satellites in the network increases
and the average delivery ratio keeps increasing at the same
TTL. The absolute average transmission time for the net-
works in Figure 6 is shown in Figure 8.

The relative average transmission time for the networks
in Figure 6 is shown in Figure 9.

The calculation of absolute transmission time is inde-
pendent from the delivery ratio and only considers the time
spent on the actual delivered messages, so it needs to be used
together with the average delivery ratio when measuring the
network performance. The calculation of relative transmis-
sion time considers the undelivered messages and configures
their time as TTL, so the relative transmission time also
reflects the delivery ratio to a certain extent.

The average delivery ratio of the network reflects the
connectivity of the network, and the average transmission
time reflects the degree of connectivity, so that the perfor-
mance of the network can be reliably evaluated using these
two metrics.

5.2. Centralized vs. Distributed Routing Algorithm. The
simulation randomly selects a 50,000-second timespan and
generates messages at random nodes and random moments.
Then, we use the centralized and distributed routing algo-
rithms proposed previously for message routing. In the cen-
tralized algorithm, the interval of adjacent contacting graphs
is 300 seconds, and 10 future graphs are maintained by each
node.

The delivery ratio of the five group networks in Figure 6
under the two algorithms is shown in Figure 10.

The delivery ratio of the distributed algorithm is almost
equal to the centralized algorithm. The relative average
transmission time of the five groups of networks in
Figure 6 under the two algorithms is shown in Figure 11.

The centralized algorithm has a slightly shorter trans-
mission time than the distributed algorithm. The average
times of RREQ initiated for the five groups of networks in
Figure 6 under the two algorithms are shown in Figure 12.
And the total number of messages is equal.

Under the centralized algorithm, each message is trans-
mitted according to its own routing table, so the average
times of RREQ initiated are always 1, independent of whether
it is successfully delivered or not and both independent of the
density of message. Under the distributed algorithm, when
the message is dense, the transmission confirmation of mul-
tiple messages can be completed simultaneously in one route

Net-1 S/C number: 10 Net-2 S/C number: 19

Net-4 S/C number: 37 Net-5 S/C number: 43

Net-3 S/C number: 29

Figure 6: Five groups of satellite networks.
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request; when the message is sparse, the transmission confir-
mation of multiple messages cannot be completed simulta-
neously. Due to the flooding mechanism for messages
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Figure 12: Average times of RREQ initiated under centralized and
distributed algorithms.
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delivering intercommunity, and the route request cannot be
completed for multiple messages at the same time, the aver-
age times of RREQ initiated gradually rise when the messages
are sparse. And the higher the number of nodes in the net-
work, the larger the average times of RREQ initiated will be.

5.3. Message TTL Setting. The message survival time TTL
directly affects the message delivery ratio. Setting the TTL
too small will lead to low delivery ratio, and too large will
lead to communication resource wasting since some routing
algorithms (e.g., epidemic algorithm) will keep initiating
routing requests. Therefore, this subsection conducts a
simulation on the TTL and proposes some suggestions.

Six groups of networks with different connectivity perfor-
mance are generated and simulated, and messages are gener-
ated at random nodes and random moments. We use the
epidemic algorithm for message routing, and the variation
of delivery ratio with different TTL is shown in Figure 13.

As the TTL increases, the delivery ratio gradually
increases to 1. And when the TTL is 0, it returns the instan-
taneous connectivity Dinstant defined in the previous section,
and the larger the Dinstant, the smaller the TTL required for a
demanding delivery ratio. This section is aimed at calculat-
ing the specific TTL value by only. To this end, it is neces-
sary to fit the delivery ratio curve with respect to both and
TTL. The ratio curve is fitted as follows:

y =
1

1 + 1/Dinstant − 1ð Þ ⋅ exp −TTL ⋅Dinstant/350ð Þ , ð19Þ

where y denotes the delivery ratio. Figure 14 shows the fitted
and real curves.

By obtaining the instantaneous connectivity in advance
through ground simulation and setting the required delivery
ratio to 0.99, the required TTL can be calculated by follows:

TTL =
350

Dinstant
⋅ ln

1/Dinstant − 1
1/0:99 − 1

� �
: ð20Þ

The star at Figure 14 is the TTL time required for 99%
delivery ratio calculated according to the above formula.

6. Conclusions

In this paper, the space network under the broadcasting
mechanism is studied. Firstly, we have given definition and
analysis of the dynamic network model. Then, the space
routing algorithm framework under broadcast mechanism
is introduced, which includes centralized routing algorithm
based on the model predictability and distributed algorithm
based on community structure.

Moreover, the performance evaluation indicators of net-
work and routing algorithm are proposed, including average
delivery ratio, average transmission time, average times of
RREQ, and the ratio of congested nodes. Simulation is con-
ducted for several groups of space networks, respectively,
and the evaluation indicators can effectively distinguish the
good and bad network structure. Results show the reason-
ableness of the evaluation metrics.
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9Space: Science & Technology



And then, we implement simulation and analysis of
centralized and distributed routing algorithms. Finally, the
setting of message survival time TTL, which affects the mes-
sage delivery ratio, is studied, and the setting suggestion of
TTL is given.

The simulation of congestion is not given in this paper
because the definition of congestion is related to the actual
capability of node and the actual data size. Furthermore,
the parameters of such indicator need to be set for specific
problems; thus, it is not analyzed experimentally in this
paper. However, the node congestion is a case that must be
considered in practical engineering, so that the routing algo-
rithm can be optimized by the congestion status.

This paper presents some problems and feasible research
directions in related fields. It may help to build the frame-
work for the research of information sharing in dynamic
space-based networks.
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