
8122 IEEE INTERNET OF THINGS JOURNAL, VOL. 7, NO. 9, SEPTEMBER 2020

Software-Defined Networking-Assisted Content
Delivery at Edge of Mobile Social Networks
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Abstract—With the explosive growth of mobile devices at the
edge of mobile social networks (MSNs), the amount of the con-
tent that needs to be transmitted is exploded. Traditional content
delivery mechanisms leverage only local information to make
routing decisions, which results in both high latency and low
delivery rate. Software-defined networking (SDN) is a novel
network paradigm, the design philosophy of which could be
applied to MSN for improving the content delivery performance.
In this article, the centralized control thought of SDN is intro-
duced into MSN to efficiently process social information. The
classical routing algorithm of BubbleRap is improved from the
perspective of network density, which is the basis of designing
the sparse and dense routing mechanisms for MSNs. In addi-
tion, flexibly switching between these two routing mechanisms is
implemented by a discriminating scheme, achieving efficient yet
adaptive routing. The experimental results show that the delivery
ratio of sparse routing is up to 83%, and the dense routing could
reach up to 93%.

Index Terms—Content delivery, dense routing, mobile social
networks (MSNs), software-defined networking (SDN), sparse
routing.
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I. INTRODUCTION

W ITH the development of wireless access technologies,
as well as the wide popularity of mobile devices,

mobile users increase sharply. As a result, the traditional
PC end users are replaced by mobile-edge users gradually
in online social networks (OSNs, e.g., Ins, Facebook, and
Twitter). To provide better services for mobile-edge users,
mobile social networks (MSNs) have emerged, which lever-
age the characteristics of social networks in combination with
mobile communication networks [1], [2]. In MSNs, users with
similar interests communicate with one another through their
mobile devices [3]. Due to the explosive growth of mobile
devices, the amount of content that needs to be transmitted
among mobile users is exploded. Therefore, how to effi-
ciently deliver the massive amounts of mobile content has
become one crucial issue of MSNs. However, content deliv-
ery in MSNs presents its unique attributes compared to other
network paradigms. The following two challenges still need
to be addressed.

1) The content in MSNs is delivered based on social
relations, including the community and social charac-
teristics. However, fewer existing solutions take full
advantage of social characteristics. To improve the con-
tent delivery efficiency of MSNs, high-level and global
social behavior patterns should be considered to make
the routing decisions.

2) The content has grown by orders of magnitude in MSNs.
In addition, the inherent mobility of mobile users is obvi-
ous due to the portability. Content delivery in MSNs is
more difficult to control compared to OSNs, which are
running mainly based on traditional networks. A con-
troller is needed to be introduced into MSNs to make the
routing mechanism more efficient, as well as to reduce
the workload of mobile devices.

Many routing mechanisms have been proposed for MSNs,
such as Spring [4], BubbleRap [14], etc. They design the
unique social metrics based on the social relationships preva-
lent in human society [5]–[9]. A node delivers a message
to the designated node by passing the message to a relay
node with a larger social metric. The social relationship can
be a positive social relationship, e.g., friendship. It may also
be a negative social relationship, e.g., selfishness. In addi-
tion, a network is usually divided into multiple communities.
However, these algorithms deliver a large number of messages
to the nodes with high social metrics, causing these nodes to
be overwhelmed and affecting the overall performance.
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With the management requirements of the systems of the
Internet of Things [10], [11], software-defined networking
(SDN) is applied to enhance system control and improve trans-
mission performance [12], [13]. Given the above, this article
proposes the software-defined MSNs (SDMSNs) to improve
content delivery performance. We could get two major bene-
fits with the SDN controller: 1) conveniently capturing social
information of the mobile-edge devices and 2) effectively mak-
ing routing decisions through the centralized control. Referring
to separating the data plane from the control plane, the social
information is processed by the controller, and the processing
result is sent to mobile-edge devices, which are only responsi-
ble for delivering the content. This could relieve the bottleneck
of mobile-edge devices with limited processing capability.
The main contributions of this article can be summarized as
follows.

1) We apply the design philosophy of SDN to MSNs for
improving the content delivery performance. The cen-
tralized controller could not only efficiently process
social information but also offload the burden from
mobile-edge devices with limited resources.

2) Different from the previous studies, the network density
is considered as a crucial metric to improve the classi-
cal routing algorithm of BubbleRap, which provides the
basis for designing the sparse and dense routing mecha-
nisms for MSNs. In addition, we design a discriminating
scheme to achieve flexible switching between these two
routing mechanisms.

3) We implement and evaluate the proposed routing mecha-
nisms from the aspects of delivery rate, delay, overhead,
and buffertime. The experiment results show that the
proposed routing mechanisms are feasible and effective.
The overhead of the sparse routing mechanism is 18%
lower than BubbleRap, and the overhead of the dense
routing mechanism is 54% lower than BubbleRap.

The remainder of this article is organized as follows.
Section II presents the related work. Section III describes the
architecture of SDMSNs and the proposed routing algorithms.
Section IV shows the simulation results. Section V concludes
the whole article.

II. RELATED WORK

MSN is a delay-tolerant network that contains many mobile-
edge nodes with social attributes. It combines the characteris-
tics of mobile communication networks with social networks.
However, the unsustainable connection makes the content
delivery in MSNs become a challenging issue. Therefore,
many routing algorithms have been proposed for MSNs.

BubbleRap is an information forwarding algorithm based
on community and intermediary centrality [14]. Since the
buffer and the power of mobile devices are limited, high-rank
devices are likely to be overwhelmed. Mao et al. [15] designed
a community-based forwarding (CBF) policy to improve
BubbleRap. SimBet explores the self-mediation centrality
and similarity to deliver information [16]. SocialCast [17]
is a social-aware MSN routing protocol, which adopts
a publish/subscribe message model. PrefCast [18] is a

preference-aware content delivery protocol for MSNs. In a
traditional MSN, most traffic passes through a small subset
of the devices with high centrality. This unfairness would
exhaust the limited resources of these devices and decrease
the robustness of MSNs as a result. Therefore, FairRoute [19]
is proposed to guarantee the fairness of the devices. SANE [20]
is a routing mechanism for MSNs based on stateless and
social cognition. Gupta et al. [21] utilized mobile regularity
and community to calculate the most reliable content delivery
route. Zhang et al. [22] applied edge computing to MSNs and
proposed a fuzzy reasoning routing and forwarding algorithm.
However, the distributed routing protocols and algorithms have
some limitations. For example, it is not easy to find a multihop
route from the source to the destination because it is complex
to coordinate the mobile nodes and to maintain the network
topology in a distributed manner.

SDN separates the control plane from the data plane, which
makes it easier to add and deploy new functions to the
network. Many studies have applied SDN to some kinds of ad
hoc networks for constructing efficient content delivery routes.
Zhu et al. [23] proposed an SDN-based routing framework for
efficient message propagation in the vehicular ad hoc network
(VANET) and designed an algorithm for discovering global
optimal route using dynamic network density. Dong et al. [24]
proposed an SDN-based on-demand routing protocol that sep-
arates the data forwarding layer from the network control layer
to achieve efficient data forwarding in VANET. FSDN [25] is
a new VANET architecture combining SDN with fog com-
puting. SRPA [26] is a SDN-based routing protocol for ad
hoc networks. It migrates routing decisions from nodes to
controllers, discovering the shortest path for each pair of
nodes with low latency and less control information exchange.
Correia et al. [27] introduced an SDN controller to vehicular
networks in order to improve the content delivery performance.
Ghafoor and Koo [28] proposed a cognitive routing protocol
for SDN-based vehicular networks to identify stable routes.
However, these SDN-based MSN routing mechanisms do not
make full use of the holistic view of the controller and ignore
the important feature of network density. In this article, we
also introduce the centralized thought of SDN to MSNs and
consider the network density as a crucial metric to design
the routing mechanisms for the SDN-based MSN, making it
provide better content delivery services for mobile-edge users.

III. ROUTING MECHANISM

A. Network Model

In MSNs, due to the mobility of mobile devices, stable
connections cannot be easily established between each pair
of devices, leading to a poor content delivery performance.
Therefore, we propose the SDN-based MSN architecture as
shown in Fig. 1. With the holistic view of the network, it is
convenient to capture and process social information. Then,
routing decisions can be wisely made by the centralized con-
troller instead of the mobile-edge devices, which could also
reduce the burden on the devices with limited processing
abilities. Note that each mobile device needs to maintain a
connection to the controller at any time.
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Fig. 1. Architecture of the software-defined MSNs.

The additional round-trip delay from the mobile node to
the SDN controller is introduced in the proposed architecture.
However, the processing delay of the proposed architecture
is roughly equivalent to that of the traditional architecture of
MSN, because the processing capacity of the SDN controller
is much higher than that of mobile-edge nodes. Benefiting
from the powerful processing capability of the SDN controller,
the centralized control will not become the bottleneck of con-
tent delivery in MSNs. In addition, with the MSN scale and
message traffic increasing, an SDN controller cluster could be
deployed to handle a large number of messages.

On the basis of the SDN-based MSN architecture, we
choose the metric of network density to improve the classical
algorithm of BubbleRap. A sparse-mode routing mechanism
and a dense-mode routing mechanism are designed for the
sparse and dense networks, respectively. In addition, a dis-
criminating scheme is proposed to achieve flexible switching
between sparse routing and dense routing. Details about how
to improve BubbleRap are described in the following sections.

B. Sparse-Mode Routing Mechanism

The sparse-mode routing mechanism is mainly composed of
three parts, including the cluster-based community discovery,
the social metric definitions, and the sparse routing algorithm
descriptions.

1) Cluster-Based Community Discovery: A mobile node
will often appear in the coverage area of several APs. These
APs are called common APs for this mobile node. Then, the
resident area of the node is determined according to these com-
mon APs. Finally, several nodes whose overlapping degree of
the resident areas is greater than a certain threshold are divided
into the same community. During the period of T , the con-
troller is responsible for counting the APs that the node is
connected to. The duration of the connection is also recorded.
We denote δ1 the threshold of connection duration. If the total
connection duration between the node and an AP exceeds δ1,
the AP is a common AP of the node. Let Bi be the set of
common APs of node i. We use the distance-based clustering
algorithm to cluster the points in Bi to generate the resident
area of node i. Note that the resident area of the node is a
circular area.

(a) (b) (c)

Fig. 2. Relationship of resident area. (a) Disjoint. (b) Inclusiveness.
(c) Intersection.

The relationship between the resident areas of two nodes
mainly includes disjoint, inclusiveness, and intersection. As
shown in Fig. 2(a) and (b), the nodes without intersection do
not have the community relationship while the nodes with the
inclusion relation are in the same community. As depicted in
Fig. 2(c), if the angle is greater than the threshold of δ2, the
nodes are considered to be in the same community.

2) Social Metric Definitions:
a) Circle similarity:

Stable Connection: If the connection time t of nodes a and
b is greater than or equal to the threshold of δ3, the connec-
tion between node a and node b is considered to be a stable
connection. Friend Circle: A collection of nodes that have a
stable connection with node u is called a friend circle of node
u and it is labeled as C(u).

The ratio of the intersection of C(u) and C(v) to the maxi-
mum value of C(u) and C(v) is defined as the circle similarity
(CS), which can be expressed as follows, where C(u) and C(v)
represent the friend circle of nodes u and v, respectively

CS(u, v) = |C(u) ∩ C(v)|
max(|C(u)|, |C(v)|) . (1)

b) Global popularity and in-community popularity:
Encounter Frequent: The encounter frequent is divided into

global encounter frequency Freg and in-community encounter
frequency Frei. We denote Freg(u, v) the global encounter
frequency of node u to node v, which can be expressed as
follows:

Freg(u, v) = f (u, v)

max(f (u, k))

(
k ∈ NSg(u)

)
. (2)

If nodes u′ and v′ belong to the same community, Frei(u′, v′) is
defined as the in-community encountering frequency of node
u′ to node v′, which can be expressed as follows:

Frei
(
u′, v′) = f

(
u′, v′)

max(f (u′, k′))
(
k′ ∈ NSi

(
u′)) (3)

where the function f represents the encounter times of two
nodes in a time slice, NSg(u) is the set of the nodes that node
u meets in the whole network, and NSi(u′) is the set of the
nodes that node u′ meets in the community.

Encounter Stability: The encounter stability between each
pair of nodes includes the encounter duration stability Sta1
and the encounter interval stability Sta2. In a time slice, sup-
posing nodes u and v encounter ω times in total (ω ≥ 2), and
the duration of the ith encounter is set as tli, and the interval
between the ith and the ith + 1 encounter is set as tgi. The
encounter duration stability and the encounter interval stability
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between node u and node v are defined as (4) and (5), respec-
tively, where St1 and Stg are the standard deviations of the
encounter duration and the encounter interval between node u
and node v, respectively

Sta1(u, v) = 1

ln(e + Stl)
(4)

Sta2(u, v) = 1

ln
(
e + Stg

) . (5)

Thus, the encounter stability between node u and node v is
obtained as follows:

Sta(u, v) = α1 ∗ Sta1(u, v) + α2 ∗ Sta2(u, v) (6)

where α1 and α2 are constants satisfying 0 < α1, α2 < 1
and α1 + α2 = 1. First, considering the encounter frequency
and the encounter stability, we define the global relationship
closeness between node u and node v as follows:

RCg(u, v) = β1 ∗ Freg(u, v) + β2 ∗ Sta(u, v). (7)

Then, the global popularity (GP) of node u is defined as the
average global relationship closeness between node u and the
other nodes in the network, which can be expressed as follows:

GP(u) = 1

N1 − 1

∑

i �=u

RCg(u, i) (8)

where β1 and β2 are constants satisfying 0 < β1, β2 < 1 and
β1 +β2 = 1. N1 is the number of nodes of the entire network.
We define the in-community relationship closeness between
node u′ and node v′ as follows:

RCi
(
u′, v′) = γ1 ∗ Frei

(
u′, v′) + γ2 ∗ Sta

(
u′, v′). (9)

Then, the in-community popularity (IP) of node u′ is defined
as the average in-community relationship closeness between
node u′ and the other nodes in the community, which can be
expressed as follows, where γ1, γ2 are constants satisfying
0 < γ1, γ2 < 1 and γ1 + γ2 = 1. N2 is the number of nodes
of the community

IP
(
u′) = 1

N2 − 1

∑

i �=u′
RCi

(
u′, i

)
. (10)

3) Sparse Routing Algorithm Descriptions: Using
BubbleRap, the message will be delivered only when the
centrality of the encounter node is higher than that of the
source node, which results in a low delivery rate due to fewer
mobile nodes in the sparse network. To improve the content
delivery rate, the CS is utilized to improve BubbleRap for
the sparse network. When the CS of the encounter node and
the destination node is higher than that of the source node
and the destination node, the encounter node will also be
chosen as the relay node to deliver the message. In addition,
the global centrality and the local centrality in BubbleRap are
replaced by the GP and the IP to further improve the content
delivery efficiency.

As shown in Algorithm 1, nsource, nmeet, and naim are the
source node, the encounter node, and the destination node,
respectively. IP(n), CS(n), and GP(n) are the IP, the CS, and
the GP of node n, respectively. If the encounter node is the

Algorithm 1 Content Delivery With Sparse-Mode Routing
Require: nsource, nmeet, naim.
Ensure: Delivering message or not

1: if nmeet = naim then
2: nsource delivers m to naim;
3: else if naim, nmeet and nsource are in the same community &

(IP(nmeet) > IP(nsource) ‖ CS(nmeet) > CSnsource ) then
4: nsource delivers m to nmeet;
5: else if naim and nmeet are in the same community then
6: nsource delivers to m to nmeet;
7: else if GP(nmeet) > GP(nsource) ‖ CS(nmeet) >

CS(nsource) then
8: nsource delivers m to nmeet;
9: end if

destination node, the source node will deliver the message to
the destination node directly (lines 1 and 2). If the destination
node, encounter node, and source node are in the same com-
munity, and the IP or the CS of the encounter node is greater
than that of the source node, the message is delivered to the
encounter node (lines 3 and 4). The source node deliveries
the message to the encounter node when the destination node
and the encounter node are in the same community (lines 5
and 6). If the GP or the CS of the encounter node is greater
than that of the source node, the message is delivered to the
encounter node (lines 7 and 8).

C. Dense-Mode Routing Mechanism

The dense-mode routing mechanism also consists of three
parts, including the SO-based community discovery, the social
metric definitions, and the dense routing algorithm descrip-
tions.

1) SO-Based Community Discovery: The cluster-based
community discovery algorithm makes full use of the cen-
tralized control thought, which is simple and efficient for
the sparse MSN. However, there are many nodes in the
dense MSN, the calculation will be large if the cluster-based
community discovery algorithm is adopted. Therefore, com-
munity discovery in the dense network is transformed into an
optimization problem, which is solved by sheep optimization
(SO), i.e., a swarm intelligence algorithm by simulating
sheep behaviors [34], including a sheep leading process, a
sheep interaction process, and a shepherd supervision pro-
cess. We describe the SO-based community discovery from
the following three aspects.

a) Optimization objective: In this article, we use the
expanded modularity to evaluate the community division as
shown in the following [35]:

EQ = 1

2m

∑

i,j

1

αiαj

(
Aij − kikj

2m

)
δ(i, j) (11)

where δ(i,j) is the Kroneck function. If δ(i, j) = 1, nodes i
and j are in the same community. Otherwise, they are in dif-
ferent communities. We denote Aij the value of the adjacency
matrix. Aij = 1 means there is an edge between node i and
node j. Variable of αi is the number of communities that node i
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Algorithm 2 Content Delivery With Dense-Mode Routing
Require: nsource, nmeet, naim.
Ensure: Delivering message or not

1: if nmeet = naim then
2: nsource delivers m to naim;
3: else if naim, nmeet and nsource are in the same community

& (IP(nmeet) > IP(nsource) ) then
4: nsource delivers m to nmeet;
5: else if naim and nmeet are in the same community &

(OP(nmeet) > OP(nsource) ) then
6: nsource delivers m to nmeet;
7: else if CC(nmeet) > CC(nsource) ‖ CS(nmeet) > CSnsource

then
8: nsource delivers m to nmeet;
9: end if

belongs to, and ki is the degree of node i. The degree of all
nodes is 2 m. The larger the value of EQ, the better the com-
munity division. Therefore, the objective of SO is to make EQ
as large as possible.

b) Coding method: Assuming that each node belongs to
M communities at the most, we need to assign M coding space
for each node. In SO, each sheep represents a feasible com-
munity division, so the coding space assigned to each sheep
is M multiplying by N, where N is the number of nodes. The
range of values for each coding space locates in a continuous
interval, but the community number is discrete. This requires
mapping the continuous data to the discrete data. We map the
interval of [u − 0.5, u + 0.5) to community u.

c) Algorithm description: We then perform the SO algo-
rithm to achieve the objective of community division. First,
we need to initialize the community division, i.e., randomly
assigning a value to each sheep. Then, the sheep lead-
ing process, the sheep interaction process, and the shepherd
supervision process are executed iteratively until the iteration
reaches the upper limit (recommending an experimental value
of 1000) or the modularity meets the requirement (recom-
mending an empirical value of 0.7 [35]). In the sheep leading
process, all sheep move toward the lead sheep, which is uti-
lized to search the global optimal solution. We apply the sheep
interaction process to characterize and enhance sheep mobil-
ity, which makes the algorithm more sufficient to search the
global optimal solution. The shepherd supervision process is
used to avoid falling into the local optimal solution. Finally,
we get the community division result.

2) Social Metric Definitions:
a) Out-of-community popularity: First, the out-of-

community encounter frequency Freo between node u and
node v is described in (12), where, NSo(u) is a collection of
nodes outside the community that node u meets

Freo(u, v) = f (u, v)

max(f (u, k))
(k ∈ NSo(u)). (12)

Then, the out-of-community relationship closeness between
node u and node v is defined as the weighted sum of
the encounter stability (i.e., the encounter stability in the
sparse-mode routing mechanism) and the out-of-community

encounter frequency

RCo(u, v) = γ1 ∗ Freo(u, v) + γ2 ∗ Sta(u, v). (13)

The out-of-community popularity of node u is defined as
the average out-of-community relationship closeness between
node u and other nodes outside the community. N is the total
number of nodes in the network, and N(cou) is the number of
nodes in the community where node u is located

OP(u) = 1

N − N(cou)

∑

i �=cou

RCo(u, i). (14)

b) Community closeness: First, the between-community
encounter frequency between node u′ and node v′ is defined
in (15). NSi(v′) is a collection of nodes that node u′ meets in
the community where node v, is located

Freb
(
u′, v′) = f

(
u′, v′)

max(f (u′, k), f (v′, l))(
k ∈ NSi

(
v′), l ∈ NSi

(
u′), u′ �= k, v′ �= l

)
.

(15)

Then, the between-community relationship closeness
between node u′ and node v′ is defined as the weighted sum
of the encounter stability (i.e., the encounter stability in the
sparse-mode routing mechanism) and the between-community
encounter frequency

RCb
(
u′, v′) = δ1 ∗ Freb

(
u′, v′) + δ2 ∗ Sta

(
u′, v′). (16)

The community closeness between community 1 co1 and
community 2 co2 is defined as follows:

CC(co1, co2) =
∑

u′∈co1

∑
v′∈co2

RCb
(
u′, v′)(u′ �= v′)

N(co1) × N(co2) − N(co1 ∩ co2)
(17)

where N(co1) and N(co2) are the number of nodes of com-
munity 1 and community 2, respectively. N(co1 ∩ co2) is
the intersection between community 1 and community 2.
Particularly, we set the community closeness between the same
communities to 1.

3) Dense Routing Algorithm Descriptions: The message
traffic is large in the dense network, but the processing capacity
of each node is limited. As a result, content delivery through
the high-centrality nodes causes the performance bottleneck
of BubbleRap. Therefore, we introduce the community close-
ness to make the community as a whole participate in content
delivery.

As shown in Algorithm 2, nsource, nmeet, and naim are the
source node, the encounter node, and the destination node,
respectively. IP(n) and OP(n) are the IP and the out-of-
community popularity of node n, respectively. CC(n) is the
community closeness between the community of node n and
the community of the destination node. If the encounter node
is the destination node, the source node will deliver the mes-
sage to the destination node directly (lines 1 and 2). If the
destination node, encounter node, and source node are in the
same community, and the IP of the encounter node is greater
than that of the source node, the message is delivered to the
encounter node (lines 3 and 4). The source node deliveries the
message to the encounter node when the source node and the
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Algorithm 3 Scheme for Discriminating the Sparse Network
From Dense Network
Require: N(AP), N(node).
Ensure: Sparse network or dense network

1: if N(node) = O(N(AP)) then
2: The network is sparse;
3: else if N(node) = �(N(AP) × N(AP)) then
4: The network is dense;
5: end if

encounter node are in the same community, and the out-of-
community popularity of the encounter node is greater than
that of the source node (lines 5 and 6). If the community
closeness or the CS of the encounter node is greater than that
of the source node, the message is delivered to the encounter
node (lines 7 and 8).

D. Discriminating Scheme

The number of nodes in MSN changes over time, so a dis-
criminating mechanism needs to be implemented on the SDN
controller. When the number of nodes in MSN is small, the
sparse-mode routing mechanism is adopted. Otherwise, the
dense-mode routing mechanism is applied.

Learning from the concept of sparse and dense graphs in the
graph theory, we design a discriminating scheme to conduct
switching between these two routing mechanisms. The dis-
criminating scheme mainly include the following three graph
theory concepts.

1) O Representation: Supposing there is a nonnegative
function f (n) for all nonnegative integer n. If there is
an integer n0 and a normal number c, and for any n ≥
n0, there is f (n) ≤ cg(n), then f (n) = O(g(n)).

2) � Representation: Supposing there is a nonnegative
function f (n) for all nonnegative integer n. If there is
an integer n0 and a normal number c, and for any n ≥
n0, there is f (n) ≥ cg(n), then f (n) = �(g(n)).

3) � Representation: Supposing there is a nonnegative
function f (n) for all nonnegative integer n. If and only
if f (n) is both O(g(n)) and �(g(n)), then f (n) = �(g(n)).

We denote N(AP) and N(node) the number of APs and
the number of mobile nodes in the network, respectively. As
shown in Algorithm 3, when N(node) could be expressed by
O(N(AP)), the network is considered as a sparse network and
the sparse-mode routing mechanism is utilized. When N(node)
could be expressed by �(N(AP) × N(AP)), the network is
regarded as a dense network and the dense-mode routing
mechanism is adopted.

IV. EVALUATION

The experimental platform is the opportunistic network
environment (ONE) [29]. The benchmark mechanisms include
the maximum probability routing [30], BubbleRap [14], the
first contact routing [31], the epidemic routing [32], and the
direct delivery routing [33]. The sparse-mode routing mech-
anism and the dense-mode routing mechanism are evaluated,
respectively.

TABLE I
MAIN PARAMETER SETTINGS

A. Parameter Settings

The parameter values affect the evaluation results greatly, so
they should be set reasonably. In this article, we set the param-
eter values with multiple methods, including logical analysis,
conducting comparative experiments, and referring to the rec-
ommended values. Table I shows the settings of the main
parameters utilized in the simulation.

B. Evaluation Metrics

Delivery Ratio: The delivery rate is used to evaluate the
message delivery capability of the routing mechanism in
MSNs. The higher the delivery rate, the stronger the deliv-
ery capability of the routing mechanism. As depicted in (18),
delivered is the number of messages successfully arriving
at the destination node and created is the total number of
messages generated in the network

delivery_prob = delivered

created
. (18)

Average Overhead: The average overhead is used to mea-
sure the cost of the message reaching the destination node,
which is determined by the forwarding times in the routing
process and the total number of messages that successfully
arrive at the destination node. To some extent, the overhead
reflects the consumption of network resources, e.g., node cache
and network bandwidth. As depicted in (19), delivered is the
number of messages that successfully arrive at the destina-
tion node and relayed is the forwarding times during the
experiment

overhead = relayed − delivered

delivered
. (19)

Average Delay: Average delay is one of the most impor-
tant metrics to evaluate the performance of content delivery
in MSNs. As depicted in (20), num is the number of mes-
sages that successfully arrive at the destination node, and
delayofMessagei is the delay of the ith message that success-
fully reaches the destination node

Average_delay =
∑num

i=1 delayofMessagei

num
. (20)

Average Buffertime: The average buffertime is the average
caching time of all the discarded and forwarded messages
cached in the node. The larger the buffertime, the better the
routing mechanism. As depicted in (21), deleted is the number
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(a) (b)

(c) (d)

Fig. 3. Performance evaluation of the sparse-mode routing mechanism. (a) Delivery ratio. (b) Average overhead. (c) Average delay. (d) Average buffertime.

of the messages that have been deleted and Buffertime is the
sum of the cache time of all the deleted messages

average_buffertime = Buffertime

deleted
. (21)

C. Performance of the Sparse-Mode Routing Mechanism

We first evaluate the content delivery performance of the
sparse-mode routing mechanism from the aspects of delivery
ratio, overhead, delay, and buffertime.

Delivery Ratio: As shown in Fig. 3(a), the delivery ratio
of the sparse-mode routing increases with the growth of the
running time. The sparse-mode routing outperforms the other
three routing mechanisms in the delivery ratio. This is because
the community members of the sparse-mode routing tend to
be stable over time. In addition, a variety of social attributes
are considered when selecting a relay node. Thus, a node
that is more likely to encounter the destination node could
be screened effectively according to the social attributes. In
a sparse network, the delivery ratio of the sparse-mode rout-
ing is up to 83%, which is nearly 20% higher than that of
BubbleRap.

Average Overhead: As shown in Fig. 3(b), since the node
only forwards the message when encountering the destina-
tion node, the overhead of the direct delivery routing is 0.

The sparse-mode routing is just a little better than BubbleRap.
The sparse-mode routing utilizes dual social attributes to for-
ward the messages, which will increase the forwarding times.
However, more messages are successfully delivered to the des-
tination node at the same time, so the overhead of the message
arriving at the destination node is slightly reduced. We also
find that the epidemic routing is the most expensive because
it forwards the messages in a flooding manner, although it
performs well in the metric of delivery ratio.

Average Delay: As shown in Fig. 3(c), the average delay
of all the routing mechanisms increases at the beginning and
tends to be stable over time. The direct delivery routing is
the most time consuming because only when the source node
encounters the destination node, the message is forwarded.
However, these two nodes are less likely to meet in a sparse
network. Although the design concepts of BubbleRap and
the epidemic routing are different, the delay of them does
not present a significant difference. The sparse-mode routing
applies dual social attributes to send messages to more effi-
cient relay nodes, so the messages could be delivered to the
destination node as soon as possible, resulting in a lower delay
of 3011.4 s on average.

Average Buffertime: As shown in Fig. 3(d), the direct
delivery routing is a single-copy routing mechanism, so the
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(a) (b)

(c) (d)

Fig. 4. Performance evaluation of the dense-mode routing mechanism. (a) Delivery ratio. (b) Average overhead. (c) Average delay. (d) Average buffertime.

buffertime is relatively large. The other three mechanisms
are multicopy routing, i.e., a node forwards the message and
caches a copy of the message locally. The message will be
evicted only when the TTL expires or the cache of the node
is filled up. If only considering the deleted messages caused
by TTL expiration, the buffertime of the multicopy routing
will tend to be 18 000 s. Note that the TTL of a message is
set to 18 000 s in the experiment. However, the deleted mes-
sages caused by the filled cache will lower the buffertime of
the multicopy routing in actual. Given this, the average buffer-
time could reflect the flooding levels of message copies. When
adopting the sparse-mode routing, the source node does not
send messages out unless it encounters a satisfying relay node,
which could avoid the flooding of message copies. Therefore,
the message copies are controlled effectively and the number
of the deleted messages caused by the filled cache is very
small, resulting in a higher buffertime up to 6131.2 s.

D. Performance of the Dense-Mode Routing Mechanism

We then evaluate the content delivery performance of the
dense-mode routing mechanism from the aspects of delivery
ratio, overhead, delay, and buffertime.

Delivery Ratio: As depicted in Fig. 4(a), the maximum
probability routing presents the best performance in delivery
rate. The maximum probability routing is a flooding-like

routing mechanism, which adopts a more efficient message
caching management mechanism than the epidemic routing.
It increases the probability of the message delivered to the
destination node and thus improves the content delivery rate.
Although the delivery rate of the dense-mode routing is a
little lower than the maximum probability routing, it outper-
forms BubbleRap and the first contact routing. The delivery
rate of the proposed routing mechanism can reach up to 93%,
which approaches to the maximum delivery rate achieved by
the maximum probability routing. In the dense-mode routing,
the community closeness is introduced to make the community
as a whole participate in content delivery. This is an improve-
ment of BubbleRap that only utilizes the high-centrality nodes
to forward messages.

Average Overhead: As depicted in Fig. 4(b), the maximum
probability routing has a better delivery rate due to its flood-
ing policy, but it brings a large routing overhead at the same
time. The first contact routing forwards the message to the
relay node encountered for the first time without any basis.
This causes a large number of unnecessary forwarding opera-
tions, so it also presents a large routing overhead. BubbleRap
deliberately forwards messages according to the social rela-
tionships between each pair of nodes, which makes each
forwarding useful for content delivery. However, packet loss
caused by the filled cache of high-centrality nodes is getting
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worse over time. As a result, its overhead increases gradu-
ally. Compared to BubbleRap, the dense-mode routing has a
lower overhead of 30.5 on average, because it adopts a more
intelligent community division algorithm and takes advantage
of some more powerful social attributes. In addition, it also
solves the packet loss problem.

Average Delay: As depicted in Fig. 4(c), since the maximum
probability routing takes a flooding policy, its average delay
is the lowest. BubbleRap only forwards the message to the
node with higher centrality, which consumes a certain amount
of time to select the relay node. The first contact routing is
the most time consuming because it only forwards the mes-
sage to the first met node. As a result, the message is very
likely to be delivered to the destination node through multiple
hops. Compared to BubbleRap, the delay is reduced 503.3 s on
average by the dense-mode routing. This is because the social
attributes are considered more comprehensively in the dense-
mode routing, which results in a high-transmission speed in
content delivery.

Average Buffertime: As depicted in Fig. 4(d), the buffertime
of the dense network is much lower than that of the sparse
network. This is because the nodes keep frequent contacts in
a dense network, which could promote the message forward-
ing and arriving at the destination node successfully. Once
encountering a node, the first contact routing will forward the
message to this node, which causes plenty of message copies
in the network. Although the maximum probability routing
adopts a routing-loop avoidance policy, i.e., a message will
not be delivered to the node which has received this mes-
sage, the flooding thought inevitably causes massive message
copies. BubbleRap only forwards the message to the node with
higher centrality, which consumes a certain amount of time to
select the relay node. Bubblerap only forwards the message to
the node with high centrality, which more or less controls the
amount of message copies. The proposed dense-mode routing
has the highest buffertime of 1160.2 s on average because it set
more stringent conditions to prevent the flooding of message
copies.

V. CONCLUSION

This article designed the SDN-assisted content delivery
architecture and mechanisms for MSNs. Applying the central-
ized control thought of SDN, we proposed the sparse-mode
and dense-mode routing mechanisms that could be flexibly
be switched according to network density. The network den-
sity was first considered as a crucial metric to design the
routing mechanisms for MSNs. We evaluated the proposed
routing mechanisms from the aspects of delivery ratio, over-
head, delay, and buffertime. Compared to BubbleRap, the
delay of the sparse-mode routing and the dense-mode routing
was reduced by 16% and by 22%, respectively. In addition,
buffertime is increased by 13% and 27%, respectively, at the
same time. The experiment results revealed that the proposed
routing mechanisms were feasible and effective.

As part of future work, we will consider the selfishness of
mobile nodes and design an incentive mechanism to encourage
mobile nodes to participate in content delivery at the edge of
MSNs.
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