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Abstract—Based on the common interest of mobile users
(MUs) in a social group, the dissemination of content across the
social group is studied as a powerful supplement to conventional
cellular communication with the goal of improving the delay
performance of the content dissemination process. The content
popularity is modeled by a Zipf distribution to characterize the
MUs’ different interests in different contents. The factor of altru-
ism (FA) terminology is introduced for quantifying the willingness
of content owners to share their content. We model the dissemi-
nation process of a specific packet by a pure-birth-based Markov
chain and evaluate the statistical properties of both the net-
work’s dissemination delay as well as of the individual user-delay.
Compared to the conventional base station (BS)-aided multicast,
our scheme is capable of reducing the average dissemination delay
by about 56.5%. Moreover, in contrast to the BS-aided multi-
cast, increasing the number of MUs in the target social group is
capable of reducing the average individual user-delay by 44.1%
relying on our scheme. Furthermore, our scheme is more suitable
for disseminating a popular piece of content.

Index Terms—Content dissemination, content popularity, factor
of altruism, pure-birth based Markov chain, delay analysis.

I. INTRODUCTION
A. Background and Related Works

S a combination of social science and mobile networks,

mobile social networks (MSNs) [1] are attracting an
increasing attention across the research community. In the con-
text of MSNs, mobile users (MUs) may form a social group
in order to cooperatively disseminate the content of common
interest. There are substantial contributions to the performance
analysis of epidemic forwarding [2] in mobile ad hoc networks
(MANETS). In the context of MANETS, a two-dimensional
continuous time Markov chain (CTMC) was proposed in [3] for
evaluating the performance of a heterogeneous MANETS. To a
further advance, the authors of [4] derived a tight upper bound
of the flooding time, which is defined as the number of time-
steps required for broadcasting a message from a source node to
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all nodes. Furthermore, in [5] the end-to-end message delivery
delay using an epidemic forwarding protocol was investigated
theoretically in a composite twin-layer network, which includes
a physical MANET and a virtual social network.

However, epidemic forwarding [6] is often criticised as being
an end-to-end routing protocol, because it consumes substantial
resources of the intermediate nodes, which might not be inter-
ested in the information to be relayed. However, if MUs can
form a social group and request the content of common inter-
est together, epidemic forwarding becomes an efficient way
of cooperatively disseminating the content in the target social
group!. Content dissemination in purely distributed oppor-
tunistic networks was investigated in [7] and [8]. Epidemic
forwarding aided content dissemination was invoked in [7],
where the users share any content updates with others that they
meet in order to improve the coverage quality and to increase
the capacity. A socially-aware content placement algorithm was
proposed in [8] for enhancing the opportunity of MUs to gain
access to their contents of interest.

Some researches focused on a hybrid content dissemina-
tion approach. In [9] and [10], the authors investigated how
the content providers and network operators can interact for
the sake of efficiently distributing the contents with the aid of
a coalition game. At the time of writing, epidemic forward-
ing aided content dissemination is widely studied for the sake
of offloading tele-traffic from cellular networks. In [11], the
authors proposed a framework for initial content-receiver selec-
tion in order to disseminate the content of common interest to as
many subscribers as possible before interest in the content sub-
sides. In [12], where MUs were categorised into “helpers” and
“subscribers”, several algorithms were designed for solving the
optimisation problem of offloading multiple types of contents
from the cellular networks.

The above-mentioned contributions [2]-[12] focused their
attention on user-encounter-based MANETSs or ‘large-scale
MSNs’, where the mobile nodes are sparsely distributed across
a large area. Typically a rudimentary physical layer model is
assumed, namely that if a pair of nodes enter each other’s
transmission range, the packet can be successfully delivered
from the source to the target. Hence, the delivery delay is
dominated by the inter-contact duration®> of mobile nodes
[15], rather than by the wireless signal propagation. Due to

1Other MUs that do not belong to the target social group are not relied upon
for assisting the content dissemination process.

21n these treatises, the inter-contact duration of MUs is commonly assumed
to obey an exponential distribution, which is demonstrated in [13] with the
aid of artificial or synthetic mobility models and in [14] by realistic measured
mobility traces.

0090-6778 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81



82
83
84
85
86
87
88
89
90
91
92
93
94

95

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133

the underlying long inter-contact duration of the MUs, this
user-encounter-based content dissemination is only capable of
delivering delay-tolerant services in a large-scale area. As a
result, the contributions of [2]-[12] belong to the category of
delay-tolerant networks (DTNs). However, typically idealised
simplifying assumptions are used in the literature of the DTN
paradigm:

e The commonly assumed simplified physical layer model
ignores the impact of transmit power, of the path-loss and
of the multipath fading, etc.

e The cooperative user-encounter based content dissemina-
tion in DTNS is not suitable for delivering delay-sensitive
services.

B. Motivations and Contributions

The conventional method of disseminating the delay-
sensitive content of common interest relies on BS-aided mul-
ticast, where the BS is the sole transmitter. Since the BS-aided
multicast has to guarantee the quality of service (QoS) at every
content requester, the capacity of multicast channels is predeter-
mined by the worst channel amongst those connecting the BS
to the content requesters. In this case, due to the time-variant
nature of wireless channels, when the BS multicasts a packet,
some MUs may receive it earlier than their less fortunate coun-
terparts. Then, the successful receivers have to remain silent,
because the BS would not multicast the second packet, before
all the MUs successfully receive the current one.

In high-user-density scenarios, the MUs often share com-
mon interest in delay-sensitive content. For instance, the crowd
participating in the inauguration of the new Pope share com-
mon interest in close-up video-clips of the Pope on the podium.
Similarly, supporters in a football stadium share common inter-
est in video-clips of a spectacular goal from different angles
or in the score updates from another stadium, as exemplified by
Fig. 1. However, the conventional BS-aided multicast is an inef-
ficient technique of disseminating the delay-sensitive content of
common interest in these typical densely populated scenarios.
The reason for this is two-fold:

e As the content requesters’ density increases, the worst
channel amongst those connecting the BS and the con-
tent requesters becomes even worse, which results in
excessive dissemination delay [16].

e Since the dissemination delay is increased, the BS is
engaged in multicasting for a longer period, which further
delays all other services.

If local MUs form a social group for requesting the content of
common interest from the BS together, local communications
amongst MUs can be exploited for cooperatively multicasting
the packets from the packet owners to the hitherto unserved
MUs in the target social group®. The potential performance gain
of this social group multicast aided content dissemination over
the conventional BS-aided multicast arises from the following
two benefits:

3A similar methodology of improving BS-aided multicast was also advo-
cated in [17], which was mainly focused on the selection of the initial receivers.
However, the authors of [17] have not analysed the content dissemination stage.
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Fig. 1. Social group multicast aided content dissemination in cellular systems.

e Relying on the cooperative multicast of the multiple
packet owners results in rich cooperative diversity gains,
which in turn improves the packet delivery performance.

e Activating direct transmissions amongst the MUs is capa-
ble of reducing the distance between a transmitter and
receiver pair, which in turn reduces the path-loss-induced
channel attenuation between them.

Furthermore, since we offload the content dissemination task
from the BS-aided multicast to the local communications
amongst the social group members, the BS becomes capable of
satisfying other communication demands, which consequently
improves the efficiency of the BS’s exploitation.

The size of the area covered by a social group should be care-
fully designed for different scenarios. If the area is as large as
a macro-cell, cooperative user-encounter based communication
amongst MUs is only suitable for disseminating delay-tolerant
information, as we argued at the end of Section I-A. The best
option for disseminating delay-sensitive information across a
large area is that of classic BS-aided multicast. By contrast,
if the area is relatively small, such as a circular area with a
radius shorter than a hundred meters, which is comparable to
the default transmission range of a MU*, communication effi-
ciency between a transmitter and receiver pair is dominated
by the wireless signal propagation properties, rather than by
their inter-contact duration. Hence, social group aided coop-
erative multicast is capable of significantly reducing the delay
of the conventional BS-aided multicast, as we emphasized at
the beginning of Section I-B. This scenario is termed as a
“small-scale MSN” [15], where the channel attenuation factors
dominate the associated delay characteristics [19]. Against this
background, our novel contributions are as follows:

e A hybrid content dissemination approach is proposed,
which relies both on BS-aided multicast [20] and on
social group multicast aided content dissemination. This
process is modelled by a pure-birth based Markov chain
(PBMC). Various factors that might affect the perfor-
mance of the content dissemination are accounted for,
including the path-loss-induced channel attenuation, the
multipath fading and the users’ altruistic versus self-
ish behaviours, which distinguishes our work from the
existing literature of DTNS.

4New Wi-Fi protocols, such as 802.11n/ac [18], are capable of supporting a
transmission range of hundreds of meters.
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e We model the popularity of different pieces of contents by
a Zipf distribution, which affects the specific formation
of a social group and hence influences the dissemina-
tion process of the content of common interest across the
target social group.

e Considering a specific packet of the content of common
interest, we analyse the statistical properties of the dis-
semination delay, which is the time from the BS’s instant
of multicasting a packet until all the MUs in the target
social group receive this packet. We also analyse the indi-
vidual user-delay, which is the time spanning from the
BS multicasting a packet until a specific MU receives this
packet.

e The advantages of our social group multicast aided con-
tent dissemination scheme over the conventional BS-
aided multicast are demonstrated by the mobility traces
extracted from a realistic subway station scenario.

Note that improving the network infrastructure in high-user-
density areas can certainly enhance the general communication
experience of MUs, when supporting phone calls, texts, emails
and basic data services. However, it may constitute an inef-
ficient technique of disseminating the content of common
interest. It may also be an unwise investment for the net-
work operators, since people often temporarily get together
for attending social events. Hence, improving the infrastruc-
ture capacity may be wasteful. By contrast, our social group
multicast scheme constitutes a more economical and flexi-
ble solution for disseminating the content of common interest
amongst the social group members, which is based on direct
communications between the social group members. We will
demonstrate that our social group multicast aided scheme out-
performs the BS-aided multicast in terms of disseminating the
popular content of common interest in high-user-density areas.

The rest of the paper is organized as follows. In Section II,
our system model is introduced. In Section III, we analyse
the delay metrics. Furthermore, the exact closed-form formulas
are derived for two special cases in Section IV. Our numeri-
cal results are provided in Section V. Finally, we conclude in
Section VI.

II. SYSTEM OVERVIEW

Similar to the BS-controlled device-to-device communica-
tion services of the LTE network [21], our system operates
by obeying a centralised-control regime combined with a
decentralised-transmission paradigm’, where the BS acts as
a centralised controller in order to support the functions of
synchronisation®, of social group formation as well as of coor-
dination and resource allocation for multiple content owners
etc. By contrast, the information transmission is carried out by
direct communications between a transmitter and receiver pair.

SThis paradigm has been considered as a part of the forthcoming ‘5G’
regime, known as the ‘LTE-Assisted Wi-Fi Direct’ technique [22], where the
control signalling exchange is carried out by the LTE-based BS, while the
information transmission is realised by the Wi-Fi-based direct communication
between a transmitter and receiver pair.

6Since the MUs in the cellular system rely on regular control signalling
exchange with associated BSs, they can readily synchronise with associated
BSs and hence also with each other.

TABLE I
THE REQUEST PROBABILITIES OF M = 10 RANKED POPULAR CONTENTS
FOR BOTH @ = 0.56 [24] AND @ = 1.0 [23]

Content Gy Gy C3 Cq Cs

a =056 | 21.4% 14.6% 11.6% 9.9% 8.7%
a=1.0 34.1% 17.1% 11.4% 8.5% 6.8%
Content Ce Gy Cg Co 10
a = 0.56 7.9% 7.2% 6.7% 6.3% 6.0%
a=1.0 5.7% 4.9% 4.3% 3.8% 3.4%

A. Content Popularity and Social Group Formation

The interest of a MU in a specific piece of content C; may
be modelled by the probability Pr(C;) of this MU requesting C;
from the BS. Having a higher request probability Pr(C;) indi-
cates that the MU is more interested in the content C;. The
statistical analysis of the realistic video viewing behaviours
exhibited by YouTube users revealed that a small fraction of
popular contents attract the interest of a large fraction of users
[23], [24]. Furthermore, the request probabilities of a set of
ranked contents, say {C;|i = 1, ..., M}, may be modelled by
a Zipf distribution [25], [26]. Here M is the number of contents
studied and the subscript i represents the particular position
of C; in the popularity list. A smaller integer subscript i indi-
cates that the content is more popular and hence it is likely to
be requested more frequently. Therefore, the probability of the
piece of content C; being requested is expressed as

g

Pr(G) = ——o, (1)
>

L
Jj jo

2

L

where « is a predefined exponent. Having a higher value of
a results in more intense interests in the top-ranked pieces of
contents, as shown in TABLE 1.

Assuming that we have N MUs within the area studied, these
MUs independently request one piece of contents from the set
{Cili = 1,..., M} with the corresponding probability defined
in (1). The MUs requesting the same content C; form a social
group §; in order to cooperatively disseminate the content of
common interest across the social group. Hence, the size of
the social group §; requesting the same content C; obeys a
Binomial distribution, which is denoted as |G;| ~ B[N, Pr(C;)].
In order to exclude the case of |G| = 0, we adjust the probability
mass function (pmf)7 of |G;|, which is expressed as

(v) [Preen]™ [1 = Preen]™"

Pr(|Gi| = N) =
1—[1—Pren]™

(@)

where N is the specific size of the social group G;. As a result,
the average P(C;) of a specific delay metric associated with dis-
seminating the content C; across the social group §;, whose size
is an adjusted-Binomially distributed random variable, can be
expressed as

N
PE) =Y PG =N) PGl =N), ()

N=1

7If no MUs requests the content, we do not have to study the content
dissemination performance.
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where P(]G;| = N) is a delay metric, which is a function of the
deterministic social group size |G;| = N. Given the social group
size N, in Section III, we will derive various delay metrics that
can replace P(|G;| = N) in (3) in order to evaluate the impact of
content popularity on the content dissemination performance.
To sum up, we assume that N MUs form a social group in
order to request the content of common interest from a BS, as
shown in Fig. 1. The formation of a social group depends on the
following conditions:
e MUs share the same interest in a given piece of content;
e The content of common interest is of delay-sensitive
nature;
e MUs roam in a bounded area having a relatively small
size and they are geographically close to each other.

B. Network Layer

In order to disseminate the content of common interest across
a social group, the BS creates a specific queue for buffer-
ing all the packets of the requested content and prepares for
disseminating these packets one by one, as described below.

Firstly, the BSs are employed for repeatedly multicasting the
packet currently at the head of the buffer, until at least one
of the MUs in the target social group successfully receives
it. Then, this packet is cooperatively disseminated across the
social group using multicast techniques.

During the dissemination process, after successfully receiv-
ing the packet, the packet owners (POs) may make their
decisions independently as to whether they would or would
not forward the packet during the following stage of the dis-
semination, as shown in Fig. 2. Once some POs decided to
further forward the packet, they would repeatedly multicast it
until at least one unserved MU in the target social group suc-
cessfully receives it. Afterwards, the new POs join the original
PO set. Both the new POs and the original POs make new
packet forwarding decisions again for the subsequent stage of
dissemination. The probability of a PO willing to forward the
packet is denoted as g (0 < g < 1), which is termed as the
Factor of Altruism (FA). At a given instant, there might not
be any POs willing to further forward the packet. As a result,
the unserved MUs in the target social group have to receive the
packet directly from the BS. Similarly, the BS repeatedly mul-
ticasts the packet until at least one unserved MU in the target
social group receives it.

During the content dissemination process, similar to the con-
ventional BS-aided multicast, the BS keeps a specific packet
at the head of the buffer, until all the MUs in the target social
group successfully receive it. Then the packet is dropped from
the buffer and the BS is ready to disseminate the subsequent
one.

C. Physical (PHY) Layer

In the PHY layer, the radio propagation between any pair of
transmitter and receiver is assumed to experience uncorrelated
stationary Rayleigh flat-fading. Hence, the square of the fading
amplitudes |4;(1)|? during the ™ time slot (TS) obeys an expo-
nential distribution having a unity mean, whose tail distribution

IEEE TRANSACTIONS ON COMMUNICATIONS

---= POl PO2 - POk |=-—---
~ 7
O R S i
s TRE  SE
2= 295 =

uoneurwISSIp jo3oed Jo o3e)s Ixou oy}
T T T T T T T gy ies od euiBto s wol sod MeN. T T

= =
£'s
g8
Elk
= Social group BS—aided

< . . . ..
215 | F|multicast(i) multicast(ii) [T |
£ 2 18 2
22 & ! | 22
o1z g ey
Ty 2 718
B & <‘§ @,"‘
Z12 8 NO Do any unserved NO 8,

MUs receive the

e . sy

********* { New POs }4

(i): Some POs are willing to further forward the content of common interest.
(ii): None POs are willing to further forward the content of common interest.

Fig. 2. Actions of POs during the spontaneous content dissemination.

function (tdf) is Pr[|h[(t)|2 > x] =e~*. Given an arbitrary

distance y; in meters, the path loss (PL) €2; is expressed as [27]:
1, v < dp,

4)

Qi(y) = K
4 f,
( C) v,y = do,

where c is the speed of light and f. is the carrier frequency,
whereas « is the PL exponent and d is the distance from the
transmitter to the ‘near-field” edge.

The random distance Y; is determined by the mobility pattern
of the MUs in the target social group. The following mobility
model is invoked for our performance analysis:

Definition 1 (Uniform mobility model): The position of the
i" MU during the ™ time interval is denoted by P; (), which
obeys a stationary and ergodic process having a uniform dis-
tribution in the area considered. Moreover, the positions of
different MUs are independently and identically distributed
(i.i.d.).

This mobility model has been widely adopted for the per-
formance analysis of MANETSs [28], [29]. Let the probability
density function (pdf) of the random distance ¥; between any
two MUs be denoted by fy, (y;). Our forthcoming performance
analysis is applicable not only to the uniform mobility model,
but to any arbitrary mobility model.

Note that, the index / in the formulas is a generic subscript,
which represents ‘b’ when the BS is the transmitter, while it
represents ‘s’ when a MU is the transmitter. In the rest of the
paper, ‘I’, ‘b’ and ‘s’ hold the same meaning.

D. Medium-Access-Control (MAC) Layer

During a TS, a packet of the content is assumed to be suc-
cessfully received by a MU, provided that the instantaneous
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received signal-to-noise-ratio (SNR) is higher than a pre-
defined threshold y [30]. In order to avoid collisions
amongst multiple transmitters, orthogonal-frequency-division-
multiple-access (OFDMA) or code-division-multiple-access
(CDMA) may be invoked for allocating each transmitter an
orthogonal channel. We denote the successful packet reception
probability (SPRP) of a link as w;(y;). By jointly considering
the PHY layer model, the SPRP is derived as

1) =P P |y (1)
miyr) =kr\ ————— >y
Q(yDNoW;
_yN(;W[
e I, v < dp,
= 7VN(2)‘(’VI (47T:fz‘),(ylk ®)
e M ‘ , Y = do,

where P[x is the corresponding transmit power and NoW; is the
noise power in a communication bandwidth W;. Given the pdf
Sy, (y) of the random distance Y, the average SPRP 7¢; of a link
is derived as

do
ﬁlz/ e
0

A
+/ e fr,y)dy.
yi=dy

_yNoW,

T fy,Gdy

(6)

Substituting the corresponding parameters and the pdf of the
random distance into (6), we can obtain the average SPRP
between a pair of MUs and 7, between the BS and a MU.
Moreover, the following lemma is proposed for our further
analysis:

Lemma 1: Given the average SPRP 7z, of a link during a TS,
the average SPRP during a sufficiently short time interval At
(At < 1 TS) is approximately 7t; At.

Proof: The proof can be found in Appendix A. |

Note that the SPRP also represents the normalized through-
put, whose unit is packet/TS [30]. In more details, 7; indicates
that 7t; packets in average can be successfully received dur-
ing a TS. Therefore, during At (< 1) TS, only 1z; At packets
in average can be successfully received.

IIT. DELAY ANALYSIS OF THE PACKET DISSEMINATION

In this section, various delay metrics of the packet dissemina-
tion process are derived with respect to a specific group size N.
These metrics may replace the performance function P(|G;| =
N) in (3) in order to characterize the average performance as a
function of the content popularity.

A. Pure Birth Markov Chain (PBMC)

Let us assume that there are N MUs in a considered social
group. During the process of packet dissemination across the
target social group, the number of POs steadily increases until
all the N social group members successfully receive the packet
of common interest. Hence, the packet dissemination process
can be modelled by a discrete-time PBMC having (N + 1)
states, as shown in Fig. 3. In this PBMC, the states represent

- Pok el

PN-1,N>.

OO

The packet dissemination
is initialized by the BS.

Fig. 3. A pure-birth Markov chain having an absorption state.

the corresponding numbers of POs having received the packet.
State transition only occurs from a lower-indexed state to a
higher-indexed one. Specifically, the state transition emerges
from state 0, which represents the initial stage of the BS-aided
multicast, and terminates in state N, which indicates that all
the N MUs in the target social group have received the desired
packet.

Let us first consider the general transition probability from
state k to state (k + m), where we have 1 <k < (N — 1) and
0<m < (N —k). In the light of the selfish user-behaviour
considered, we assume that only ng, 1 < ng <k, POs are
willing to further disseminate the packet at the current stage.
Therefore, any unserved MU out of the (N — k) unserved ones
is connected to the ny POs by n; wireless links, and any of
these links has the probability of [, At to successfully deliver
the packet during the time interval At according to Lemma 1.
As a result, given that n; POs independently deliver their pack-
ets to the same target, the SPRP of an unserved MU is expressed
as [1 — (1 — 7ty At)"*]. Furthermore, the state transition prob-
ability pg k4min,£0, Which is also the probability of m out of
the (N — k) unserved MUs successfully receiving the packet
during the current time interval Af, can be expressed as

N —k _
Dk k+mni#£0 = < " ) [1—-(- p,SAt)”k]m

(1 = gy AneN=k=m

(S ()]

(1 — Tg, Ap) N =k=m)

_(N—*k S i+l im
—( N )[;(l.)el) (s A1)

(I=fg  ApyN=k=m), (7

According to (7), the state transition probability p km|n; 20
has the same growth rate as z¢' At™. Hence, the adjacent-state
transition probability py x41n,0 Of traversing from state k to
state (k 4 1) has the same growth rate as fry Af. Substituting

m = 11into (7), Pk k+1jn,£0 can be expressed as

Plk+1 20 = (N — k)ngug At

e (N—k—1)
N —k—D\
+ (N —k) ; < ; )(_MsAt)
ng(N—k)
Nk .
- (""( | )><—mm)f ®)
=2 /
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TABLE II
PARAMETERS OF THE PHY LAYER

BS to MUs MUs to MUs
Transmit Power | P/¥ =31 dBm | P{¥ =0~ 10 dBm
Carrier Freq Jep =18 GHz | fcs =24 GHz
Bandwidth W, = 10 MHz W, = 10 MHz
Noise PSD No = —174 dBm/Hz (20°C)
SNR Threshold y =10 dB
PL Parameters Exponent: x = 3; Ref Distance: dy = 1 m

@« 1.0 T T T T T T
2 09 Total MSN users: N = 100. | Total MSN usrs: N = 1‘00.;
= Current state: k = 50. Current state: k= 0. 1
£ 08© Factor of altruism: q = 0.5.] BS is invoked for multicast
g 07r ] -ing the packet. ]
2 06F ] ]
g o5y p ]
S 04l | e I [ @ ... ]
2]
§ 03 B -
=02 F B b
2 o1
< 0.1 ] 7]
A 0.0 . . . . . ! L I
Pk Pri+ 1 Prk+ 2 Prk+ 3 Poo Po.1 Po.2 Pos

Fig. 4. State transition probabilities when A7 = 0.001 TS.

The terms in the square brackets of (8) have the same growth
rate as ﬁ?Atz. Compared to the first term (N — k)ng i, At in
(8), the terms in the square brackets are negligibly low, when
s At is close to zero. Hence, in this case, we can approxi-
Mate P k+1jng£0 a8 Pk k+1jn 0 ~ (N — k)nijis At. Similarly,
when 7 At is close to zero, pi k+min, 0 associated with m >
2 in (7) can be approximated as pi k+mn;20 ~ 0. Moreover,
substituting m = 0 into (7), we obtain the probability of the
PBMC sojourning in the current state k after the time inter-
val At, which is pg gm0 = (1 — 11, A1) V=K " Again, when
g At is very close to zero, py kjn, 0 can be approximated as
Pl klng0 X 1 —ng(N — k), At.

Another scenario is that no POs are willing to for-
ward the packet, corresponding to the case ny = 0. Then
the (N —k) unserved MUs have to receive the packet
directly from the BS. Similarly, we can also demonstrate
that pr k+1jm=0 ~ (N — k), Ar and pg gjm=0 ~ 1 — (N —
k)i, At, while pi g ming=0 ~ 0 for m > 2, provided that fz, At
is sufficiently small. Furthermore, it can be shown that po | ~
Ny, At, po.o ~ 1 — N, At and pg , =~ 0form > 2, provided
that 7z, At is sufficiently small.

According to the PHY layer parameters in TABLE II, we plot
the state transition probabilities for state k = 50 and for state
k = 0, respectively, in Fig. 4. We observe from Fig. 4 that the
state transition probabilities of pi x+m and po, for m > 2 are
negligibly low, which demonstrates the high accuracy of the
above approximations involved.

Therefore, assuming a sufficiently short time interval At,
only adjacent-state transitions occur during the process mod-
elled by the discrete-time PBMC, as shown in Fig. 3.

B. Delay of State Transition

In order to study the delay statistics of disseminating a
specific packet, we need to know the specific delay that the
PBMC spends in a particular state, which is termed as the
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state transition delay. As a result, the following lemma may
be formulated:

Lemma 2: Given the state transition probability [ty At from
the current state k to state (k + 1), the transition delay from
state k to state (k + 1) obeys the exponential distribution with a
mean of 1/, TS, provided that Az is sufficiently small. Here,
1Lk is termed as the transition rate.

Proof: The proof can be found in Appendix B. |
Based on Lemma 2, the discrete-time PBMC seen in Fig. 3
can be further simplified to a continuous-time PBMC, which
only has adjacent-state transitions. The transition rate of this
continuous-time PBMC can be shown to be pi x+1/Atf, where
Dk.k+1 1s the adjacent-state transition probability derived in
Section III-A.
Let us first consider the delay 7 of the transition from state
k to (k + 1), when k > 1. Since each PO has a probability g of
forwarding the packet, in the current state k, the number 7y (0 <
ng < k) of POs willing to forward the packet obeys a Binomial
distribution having a pair of parameters k and g, whose pmf is
given by [31]

k
p(ng) = (nk>q”’<(1 —F ™ e =0,1,.... k. (9

For the case of ny # 0, we have piyipn20 = ng(N —
k)mgAt. According to Lemma 2, the delay T of the transition
from state k to state (k4 1) obeys an exponential distribu-
tion having a rate of nig(N — k)fty = nipis k, where psi =
(N — k). Hence, when ny # 0, the conditional pdf, the mean
and the second moment of 7 may be formulated as

Froine (te) = ngps g - e MKk g >0 (10)
o0
|
&[Tkl ni] = / b from (0l = ——. (1)
0 N s, k
2 *© 2
E[T ‘nk] =f 2 o ()t = (12
k 0 i 1idm (nicpts, k)?

For the case of ny =0, we have pgiyijn=0~ (N —
k)m, At, as the MUs in the target social group have to receive
the packet from the BS. According to Lemma 2, the delay Tk
of the transition from state k to (k 4+ 1) obeys an exponential
distribution having a rate of u,x = (N — k)i;,. Hence, given
nx = 0, the conditional pdf, the mean and the second moment
of Ty are derived as

Frime=0(tx) = pp i - e 4% 1 >0 (13)

oo
1
E[Tilng =0] = / W frm=o(t)dty = —,  (14)
0 b,k

o8]
2
€ I:Tkz‘ ng = 0] = /0 i frim=o()dty = ——.  (15)

Mok

According to the classic Bayesian principle [31], the pdf of T
may be expressed as
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k
i) =" frum @) - pou) + frm=o(t) - p(ng = 0)

nk—l

= Z ( ) (L= @R g T

ng=1

+ (1 — @) pup e Hokle, (16)

Moreover, the mean of T} is formulated as
k
EIT] = E[Telnk =01 pux = 0) + Y E[ Tkl mil p(mi)

ng=1

1 — k k k ng (] — k—ny
_( q)+2<>q( q) ’ (17)
b k — \nk N fLs, k
np=1
E[Tk.p]

& [Tk,s]

where E[T p] represents the average duration of the BS-aided
multicasting invoked during the transition from state k to state
(k+ 1), where E[Ty ] is the average duration of the social
group multicasting during this state transition. Furthermore, the
second moment of 7} is formulated as

& [Tkz] =& [Tkz‘nk = O] p(ng =0) + i & [Tkz‘nk] p(ng)

np=1

k k—
k\2g" (1 — g)* "
+ E = - r
(”k) (nkfhs,k)?

ni=1

201 —g)t

(18)
'ulza,k

From (17) and (18), we can also derive the variance
of T; by using the formula of Var[T;] = S[Tkz]—{E[Tk]}z.
Furthermore, we may simply derive the pdf, the mean and the
second moment of the transition delay 7y from state O to state 1
by substituting k = 0 in (13), (14), and (15), respectively.

C. Dissemination Delay

Since the delay of the transition from a state to its successor
is independent of any other state transition’s delay, and given
that the dissemination delay across the target social group is
defined as Tp = Z,Icv _01 Tk, the mean of Tp can be expressed as

N-1
(- g" (1 — )™
elTpl =) ——— Z Z e
=0 Mbk k=1 mm1 Vi N s,k
(19)
while the variance of Tp can be formulated as Var[Tp] =
Zk o Var[Tx].

There is no exact closed-form tdf for the dissemination delay
Tp in this general case. However, given its mean and vari-
ance, we may approximate it as a random variable obeying the
Gamma distribution, which is usually more accurate than its
Gaussian counterpart, when non-negative random variables are
concerned [32]. According to the theory of the Gamma distri-
bution [33], it is uniquely and unambiguously described by its
shape parameter m = {E [TD]}2 /Var[Tp] and scale parame-
ter ® = Var[Tpl/E[Tp]. Then, given a delay threshold Dy,
we may derive the approximate probability of the dissemination
delay Tp exceeding D;j as

F<m’ %> F({E[TD]}2 DthE[TD])

Pr(Tp > D) ~ ® /) _ Var[Tp] Var[Tp]

T (m) - ({E[TD]}2>
Var|Tp]
(20)

The accuracy of (20) will be verified by the Monte-Carlo
simulation in Section V.

D. Individual User-Delay

A specific MU A in the target social group may receive the
packet at any state spanning from 1 to N during the process
of state transitions. When considering the transition from state
(k—1) to k (1 <k <N), any of the (N —k + 1) unserved
MUs may successfully receive the packet with a probability
of 1/(N — k + 1), and may not receive it with a probability of
(N —k)/(N — k + 1). Specifically, the probability of A receiv-
ing the packet in state k, which naturally implies that A has
not received the packets at any of the previous states, may be
expressed as

k—1 N 1

—, 1 <k<N. (21
N — k+1 EN—l—i—l N - 1)

Pk =

Hence, given that A receives the packet in state k, the
individual user-delay of A is expressed as T4y = le;(]) Ty
and the conditional pdf of T4 is expressed as fr,k(ta) =
S1y+--+1_; (ta). According to the Bayesian principle [31], the
pdf of the individual user-delay 7’4 can be expressed as:

N ol Sfro+t12, (ta)
Fralt) =Y frawlta) - pe =y s (22)

k=1 k=1 N

Furthermore, owing to the fact that {7y, T1, ..., Tx—1} are inde-
pendent of each other, the average of 74 can be obtained
as

N

1= [y B, S
k

k—1
Y EIn]
i=0

N
N —k+ 1

=Y ——¢&[hi],

k=1

(23)

where & [Tk_l] is given by (17). Furthermore, the second
moment of 74 is given by

+Ti—1 (tfl) dt_A

x N l2 f
21 Ao+
E[TA]_/O § S
k—1

_i [(T0+T1+ A+ Tiop)? _i EITT)]
- N _kll N

1

=~
I

,j=0

Nok+1 N ET [Hy — T,
— E[Tk2_1]+§—k I N ¢ Z))

Il
M=

~
Il
-
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where &, = (E[Tol, E[T1], ..., E[Th1 DT, Hy is a k xk
matrix, whose elements are all ones, and Ij is a k x k identity
matrix. Consequently, the variance of T4 can be expressed as
Var(Tq) = E[T4]1—{E[Ta]}*. Hence, by substituting €[74]
and Var[T 4] into (20), we may obtain the approximate proba-
bility of 74 exceeding threshold Dyy,.

IV. DELAY METRICS FOR SPECIAL CASES
A. Case 1: Conventional BS-Aided Multicast (¢ = 0)

In this pessimistic case, all the MUs in the target social group
are selfish during the packet dissemination process. Hence, the
BS has to disseminate the packet to all the MUs in the target
social group.

1) Dissemination Delay: When FA is g = 0, according
to Egs.(13)~(15) in Section III-B, the state transition delays
{Tx,k =0,1,..., (N — 1)} are the independent exponentially
distributed variables associated with the rates of {{{y = (N —
kK, k=0,1,..., (N — 1)}. Since the dissemination delay
is defined as Tp = ’1:/:—()1 Ty, Tp obeys the hypoexponen-
tial distribution [34]. Furthermore, since the rates of {7y, k =
0,1,..., (N — 1)} are different from each other, the pdf of Tp
can be expressed as

N-1 N-1

N—j — —(N=k)mpt
frolg=0(tp) = Y | H 7= N PR VO,
k=0 j=0,j#k
(25)

In order to derive the probability of Tp exceeding a given
threshold Dy, we integrate the above pdf fr,,—0(tp) over the
region [ Dy, 00), which is expressed as

o0
Pr(Tp > Dyulg =0) =/ frpig=0(tp)dtp
Dth

N—-1 N-1 .
_ 11 N =J ~—tmDu
k=0 j=0, )£k k=
(26)

2) Individual User-Delay: When the FA is ¢ = 0, the indi-
vidual user-delay is solely determined by the quality of the
wireless link connecting the MU A to the BS. As a result,
according to Lemma 2, the individual user-delay 74 obeys an
exponential distribution having a mean of 1/;,. Furthermore,
the probability of 74 exceeding a given threshold Dy is
derived as Pr(Tq > Dyplg = 0) = exp(—itpDin).

B. Case 2: Fully Altruistic Behaviours (¢ = 1)

In this optimistic scenario, all the MUs in the target social
group are completely altruistic. Since there are always some
POs willing to forward the packet during the dissemination
process, the BS is not invoked for multicasting the packet any
more, once some of the MUs have initially received it from the
BS.

1) Dissemination Delay: When the FA is ¢ = 1, by sub-
stituting nx = k into Eqs.(10)~(12) in Section III-B, we
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know that the state transition delays {73, k=1,...,(N —
1)} are independent exponentially distributed variables associ-
ated with the rates of {iix = k(N — k)i, k=1,2,..., (N —
1)}. Furthermore, by substituting k£ = 0 into Eqs.(13)~(15) in
Section I1I-B, the initial state transition delay 7 is also an expo-
nentially distributed variable associated with a rate of [ty =
Nix,. Note furthermore that 7j is also independent of {7, k =
I,..., (N — 1)}. Since the dissemination delay is defined as
Tp = Z]iv:_ol Ty, Tp obeys the hypoexponential distribution.
However, the rates of {ix =k(N — k), k=
1,2,..., (N — 1)} associated with {T;,k=1,..., (N —1)}
exhibit a symmetric structure. For example, the rates of Tj
and Tn_j share the same value of k(N — k)zt,. Hence, the
closed-form equation for the tdf of Tp may only be expressed
in the form of a continuous phase-type distribution [35]. As a
result, when g = 1, the transition rate matrix of the PBMC is

expressed as
—Hfo o O e 0 0
0 —m 0 0
: I . : Q Qo
= Mk Mk . : —
P B (5%
0 0 —uUn—2 pn-2 O
o 0 .- 0 —HdAN—1 HN-1
0 o - 0 0 0

27

where Q is a (N x N)-element matrix containing all the tran-
sition rates between transient states, Qg is a (N x 1) column
vector containing all the transition rates from transient states to
the absorbing state N, whose last entry is fiy—; and finally,
the remaining entries are all zeros. As shown in Fig.3, the
packet dissemination process starts from the initial state O.
Thus, the probability of Tp exceeding a given threshold Dy,
is expressed as

Pr(Tp > Dulg = 1) = 7] x exp(DyQ) x 1y, (28)

Note that in (28), the (N x 1) column vector Tz4; (0 <k <
N — 1), whose (k + 1)th entry is one but all the others are
zeros, indicates that the PBMC starts at state k, while the
(N x 1) column vector 1;41, whose first (k 4+ 1) entries are
ones and the remaining entries are zeros, indicates that the
PBMC process is absorbed at state (k + 1). The proof of (28)
can be found in [36].

2) Individual User-Delay: Given an event that the MU A
successfully receives the packet at state (k + 1) (0 <k < N —
1), the PBMC used for modelling the packet dissemination in
Fig.3 is considered to be terminated at state (k 4+ 1). According
to the physical meaning of both 741 and 141, similar to (28),
the probability of 7 4 exceeding the threshold Dy, given that A
receives the desired packet at state (k4 1) for (0 <k <N —
1), is expressed as

Pr(Ta = Dinlg = 1,k +1) = 7] x exp(DinQ) X Lis1.
(29)

Since we have already derived the probability of py+1 = 1/N
that A receives the packet at state (k + 1) in (21), according to
the Bayesian principle [31], the probability of 74 exceeding the
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threshold Dy, is derived as

N—1
Pr(Ty > Dylg =1)= Y Pr(Ta = Dilg = 1.k +1) - pey1
k=0
_Ni ! xexp(DQ) x i1 71 xexp(DiQ) fol
= N = N k+1
k=0 k=0
1 x exp(D;Q) x
= , (30)
N
where n = (N, N — 1, ..., DT isa (N x 1) column vector.

C. Case 3: Moderately Altruistic Behaviours (q = 0.5)

Unfortunately, we are unable to derive the exact tdf for the
scenario, when the FA is set to ¢ = 0.5. However, we are still
able to offer some interesting insights concerning the delay met-
rics of this specific case. Substituting ¢ = 0.5 into the second
term of (17), the average duration of the social group multicast
process during the transition from state k to (k + 1) for k > 1
can be given by

k

1 kY 1
2K gk Z (m)ﬁ

np=1

E[Tkslg = 0.5] = 3D

According to Eq.(68.1) of [33], we arrive at the following lower
bound for [T} s|¢ = 0.5], which is expressed as:

k

1 ky 1
eIt =0.5 Y -1
[Tk.s1q 1> 5 sk 2 <nk) ng + 1
ng=0
1 okl _ k42
_ + 32)
2k . ,us,k k + 1

Similarly, substituting ¢ = 1.0 into the second term of (17),
the corresponding formula of &[Ty s|g = 1.0] for this fully
altruistic behaviour may be expressed as &[Ty |g = 1.0] =
1/(kpis k). As a result, the ratio Ry s of these two expressions
can be formulated as

Q! —_k+2)k

w_ ElTkslg =0.5]
ks 2%k + 1)

= >
T ElTkslg = 1.0]

(33)

In the ideal scenario, when k tends to infinity, this ratio can be
expressed as limy_, o Rk, > 2. Since the lower bound derived
in (32) is very tight®, we can summarise that by assuming mod-
erately altruistic behaviours, the average duration of the social
group multicasting during the transition from state k to (k + 1)
is twice that of the fully altruistic scenario, provided that & is
sufficiently high.

Let us now demonstrate the tightness of the lower bound (32)
in terms of the average dissemination delay. Substituting (32)
into (19), the lower bound of the average dissemination delay

8The tightness of this lower bound will be demonstrated in the following
paragraph in terms of the average dissemination delay.

Base Station

The Target MSN Group

Fig. 5. Geographic features for obtaining numerical results.

E[Tplg = 0.5] can be formulated as
N-1 N-T k N 1
E[Tplg =0.5] = — 4+ ( )—
,;; 2Kk ]; 2K i nkzzl ni) ng
N—l N—l k+1
1 1 267 — k42
DI e DI
Pl N PR DV S S

(34)

When we compute the exact result of E[Tp|g = 0.5], which is
represented by the first line of (34), and its lower bound, which
is quantified by the second line of (34), then for a large social
group size N, such as N = 50~200, using a set of other related
parameters in line with those of Fig. 6, the root-mean-square-
deviation (RMSD) of these two sets of results can be shown
to be 0.094 TS. Hence, we can claim that for a large social
group size, which represents our densely populated scenario,
the lower bound expressed in (34) can be regarded as an approx-
imate result of [Tp|g = 0.5]. Furthermore, the tightness of the
lower bound derived in (33) can also be readily demonstrated.
Similarly, with the aid of (32), we can also obtain the lower
bound for the average individual user-delay (T 4]g = 0.5).

V. NUMERICAL RESULTS

The parameters of the PHY layer are presented in TABLE II.
The specific parameters used for transmissions from the BS
to the MUs are in line with FDD-LTE standard®, while the
transmission parameters between the MUs are in line with the
commonly used 802.11 protocol [18].

As shown in Fig. 5, we assume that all MUs in the target
social group roam in a circular area having a radius of » = 40
m by obeying the uniform mobility model. The BS is d = 200
m away from the centre of the circular area. In this scenario,
the pdf fy, (ys) of the distance between a pair of MUs is given
by Eq. (23) of [38], and fy, (y») between the BS and a MU can
be found in our technical report [39]. Substituting fy, (ys) and
fv, (yp) into (6), alongside the parameters offered in TABLE II,
we may obtain the average SPRP 1z, and 1z}, which further lead
us to the analytical (ana) results for the various metrics. If we
let ¢ = 0 in our model, the corresponding analytical results are
derived for conventional BS-aided multicast.

In order to obtain a reliable statistical characterization of the
simulation performance (sim), we repeatedly run Monte-Carlo

9We assume a 1.8 GHz carrier frequency in line with the LTE networks
operated by the British company EE [37].
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Fig. 6. Average dissemination delay affected by the number of MUs in the
target social group, which is parameterized by the FA. The analytical results
were evaluated from Eq. (19).
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Fig. 7. Average individual user-delay as a function of the number of MUs in
the target social group, which is parameterized by the FA. The analytical results
were evaluated from (23).

simulations 10 000 times and set the time-interval of our system
to be At = 0.001 TS, where a TS can be considered as a packet
duration. All the delay related metrics are evaluated by the num-
ber of TSs. In the numerical results of Figs. 68, we study the
impact of the social group size N on the delay metrics of the
packet dissemination process without considering any specific
content popularity.

A. Delay Metrics for Uniform Mobility Model

As shown in Fig. 6, when FA # 0, the average dissemina-
tion delay firstly increases, as the number of MUs is increased.
When only a few MUs are in the target social group, a longer
period is required for disseminating the packet to all of the
group members due to the increasing content demand of the
unserved MUs. However, by further increasing the number of
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Fig. 8. The tail distribution of the delay versus (a) the transmit power and
(b) the SNR threshold for successful reception, which is parameterized by the
number of MUs in the target social group. The analytical results were either
directly or indirectly derived from Eq.(20).

MUs, the diversity gain incurred by the cooperation of the
multiple multicasters becomes sufficiently high to mitigate the
adverse effect of the increasing content demand. As a result, we
observe that the average dissemination delay decays after reach-
ing its peak, as the number of MUs is further increased. For
example, for FA = 0.2, the delay is reduced by 53.5%, as the
number of MUs is increased from N = 20 to 60. Furthermore,
a higher FA incurs a lower delay, since more POs are willing to
forward the packet after they successfully receive it. For exam-
ple, for N = 20, the average dissemination delay is reduced
by 75.4%, as the FA is increased from 0.2 to 1. By contrast,
when FA = 0, the conventional BS-aided multicast technique
is invoked. However, as the number of the MUs increases, the
average dissemination delay also increases. We observe from
Fig. 6 that our approach is capable of reducing the average
dissemination delay of the conventional BS-aided multicast by
56.5% tfor N = 80, when a small FA value of 0.2 is assumed.
As shown in Fig. 7, when only a few MUs are in the tar-
get social group and the FA is non-zero, due to the users’
selfishness, fewer than two POs are willing to forward the
packet during the dissemination process. Therefore, we observe
from Fig. 7 that the average individual user-delay initially
increases, because it does not benefit from any diversity gain.
However, as we further increase the number of MUs, an increas-
ing number of POs become willing to forward the packet,
which substantially reduces the average individual user-delay,
as observed from Fig. 7. For example, for FA = 0.2, the aver-
age individual user-delay is reduced by 44.1%, as the number of
MUs is increased from N = 20 to 60. Nevertheless, when the
conventional BS-aided multicast is invoked, the average indi-
vidual user-delay, which only relies on the link connecting this
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Fig. 9. Average dissemination delay as a function of the rank of the popu-
lar content. The transmit power of the BS is Plix = 31 dBm and the transmit
power of aMU is P/* = 0 dBm. N = 100 MUs independently request M = 10
ranked-popularity pieces of contents according to the request probabilities
listed in TABLE I when o = 0.56. The analytical results were evaluated from
Eq.(3).

specific MU to the BS, remains near-constant at 2.95 TS, as the
number of MUs increases. Furthermore, the average individual
user-delay is improved, when we increase the value of the FA.
For example, given N = 20 MUs in the target social group, the
average individual user-delay is reduced by 60.6%, as the FA is
increased from 0.2 to 1.0. Additionally, given N = 80 MUs in
the target social group, the average individual user-delay drops
from 2.95 TS to 1.3 TS, comparing the conventional BS-aided
multicast to our approach associated with FA = 0.5.

Observe in Fig. 8(a) that the probability of the dissemina-
tion delay exceeding a threshold of D;;, = 6 TS reduces upon
increasing the transmit power of each MU. By contrast, as
portrayed in Fig. 8(b), the probability of the individual user-
delay exceeding the same threshold increases upon increasing
the SNR threshold to be exceeded for ensuring successful
packet reception. Our Gamma-distribution-based approxima-
tions match the simulation results.

Then, we study the average dissemination delay as a func-
tion of the specific popularity of the pieces of contents in
Fig. 9. Observe from Fig. 9 that as a piece of contents becomes
less popular, the average dissemination delay of our scheme
increases, when we have a moderate degree of altruism asso-
ciated with FA = 0.5. When a piece of content is less popular,
fewer MUs may request this content, hence the resultant smaller
social group fails to provide sufficient cooperative multicast
opportunities for rapidly disseminating the packet across the
social group. By contrast, since a less popular piece of contents
results in a lower content demand, the average dissemination
delay of the BS-aided multicast reduces, as the content becomes
less popular. Furthermore, as shown in Fig. 9, our scheme asso-
ciated with FA = 0.5 outperforms the conventional BS-aided
multicast in terms of its delay of disseminating the most popular
content. Nevertheless, the BS-adied multicast is more suitable
for disseminating the less popular pieces of contents.

B. Investigations Using Real Mobility Traces

Let us now study the content dissemination performance
in a densely-populated subway station scenario [40]. The
mobility traces for this scenario can be downloaded from the
CRAWDAD database!?. The active area in this scenario is

101'1ttp://crawdad.cs.dartmouth.edu/kth/walkers/

platforms |

e

B (-156, 30.55)

KE@A)}?) """"" o g} i

+—— entry hall

Individual-user delay of
BS-aided multicast s

Average Individual delay (TS)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Factor of Altruism (P,"= 31 dBm, ITS = 0.6s)

Fig. 11. Average individual user-delay in a subway station when all the MUs
in the subway station form a grand social group for downloading a content of
common interest.

1921 m?. After analysing the mobility traces, the centre O of
the active area is found to be at the coordinates of (44, 30.55)
m, as shown in Fig. 10. In our simulations, we placed the BS at
the point (—156, 30.55) m, which is 200 m away from the cen-
tre of the subway station. Since the MUs arrive/depart either
through the entrances or during the arrival/departure of trains,
the number of MUs is dynamic during the simulation time. As
a result, we cannot readily obtain the dissemination delay in
this scenario. However, we are still able to evaluate the indi-
vidual user-delay, when our content dissemination scheme and
conventional BS-aided multicast scheme are invoked. Again,
the physical layer parameters are summarised in TABLE II.
Since the positions of the MUs are captured every 0.6 s in this
mobility trace, in our simulations we set the basic time inter-
val of At = 0.6 s as a single TS, which can be considered as a
packet’s duration. Then the delay was evaluated in terms of the
number of TSs.

We first assume that all the MUs in the subway station form
a large social group in order to download the train schedule of
common interest. Observe from Fig. 11 that for the cases of
P!* =0 dBm and P/* =5 dBm, the average individual user-
delay is reduced, as we increase the FA from 0.0 to 1.0. For
P* = —5 dBm, when FA is increased from 0.0 to 0.1, we
observe an increasing average individual user-delay. This is
because the SPRP between the MUs is low and also, because
fewer POs are willing to forward the packet. As FA becomes
higher, more POs may join to assist the packet dissemina-
tion process, which significantly reduces the average individual
user-delay. Specifically, when FA = 0, conventional BS-aided
multicast is invoked for disseminating the packets. For P/* = 0
or 5 dBm, if the MUs become only modestly altruistic, say we
have FA = 0.1, our content dissemination scheme outperforms
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Fig. 12. Average individual user-delay in a subway station when the MUs in
the subway station independently request M = 10 ranked-popularity pieces of
contents according to the probabilities listed in TABLE I when o = 1.

A TS, during which the successful packet
reception probability is pt;

M sub TSs
in total

Each sub TS has a successful packet
reception probability v/;

Fig. 13. The structure of a TS.

the conventional BS-aided multicast. For P/* = —5 dBm, our
scheme starts to outperform the classic BS-aided multicast,
provided that FA is higher than 0.4.

We then study the impact of the specific content popular-
ity on the average individual user-delay in a subway station.
Observe from Fig. 12 that when disseminating the most popular
content in the subway station, our dissemination scheme asso-
ciated with FA = 0.5 outperforms the conventional BS-aided
multicast. However, the BS-aided multicast is more suitable for
disseminating less popular content in this scenario. The reason
behind this trend is the same as that associated with Fig. 9.

VI. CONCLUSIONS

In this paper, we proposed a social group multicast aided
content dissemination scheme as a supplement to the conven-
tional cellular system. The content popularity is modelled by
a Zipf distribution and the concept of FA was introduced for
the sake of quantifying the probability of a PO forwarding a
packet of the content of common interest. In our scheme, the
BSs are invoked for multicasting the packet at the initial stage,
as well as when no POs are willing to share the packet with oth-
ers. By modelling the packet dissemination process as a PBMC,
closed-form expressions were derived for the statistical prop-
erties of the various delay metrics. We demonstrated that our
approach outperforms the conventional BS-adied multicast in
terms of both the dissemination delay and the individual-user
delay, especially when the density of MUs in a target group is
high. Furthermore, we found that our approach is more suit-
able for disseminating a more popular content. By contrast, the
conventional BS-aided multicast performs better for dissemi-
nating a less popular content.
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APPENDIX A
THE PROOF OF LEMMA 1

As shown in Fig. 13, a TS is divided into M sub-TSs, each
of which has a duration of At = 1/M TS. We assume that the
SPRP in a sub-TS is v;. As a result, given the SPRP 1; in a
TS, we may derive the relation between ; and v;, which is
expressed as

M
m=) (L=v) i =1— -
j=1

(35)

Rewriting the above expression, we obtain

vi=1-0-m)"M =1-01-m™, (36)

where the second equality is derived according to At = 1/M
TS. If we expand (1 — ;)" according to the Taylor series, we
have
N\ (At
a—n#”=2Xi)emw=1—mm+0mh(m>

n
n=0

where O(EIZ) is the infinitesimal by small quantity on the same
order as ﬁl-z. Substituting the above equation into (36), we have

vi =T AL+ O(;) ~ I At. (38)

According to our experiments, if we vary ; from 0 to 0.8,
the root-mean-square-deviation (RMSD) between the exact v;
given by (36) and the approximated v; given by (38) is 9.45 x
10~*. As a result, it is reasonable to claim that Vi & W At.

APPENDIX B
THE PROOF OF LEMMA 2

During a time interval A¢, the PBMC may transit from state
k to (k + 1) with a probability of fix At. Naturally, the success-
ful state transition first occurring during the (M = my)-th At
interval obeys a geometric distribution. According to the PMF
of a geometric distribution having a parameter of iz Af, we
arrive at:

mp
Pr(McAt <mpAn) =Y (1= TAD™ At
m=1
(39
mi+1
Pr(MAt < (mg+ DA = Y (1= TAD™ i At.

m=1

(40)

The continuous-valued delay of the adjacent-state transition is
denoted as Ty = Mj At, which is associated with a specific
value of #; = my At. Hence, we may derive the pdf of T} as:
Pr(Ty <ty + At) — Pr(Ty < ty)
it = Jim, Y
m Pr(Mi At < (mp + 1)At) — Pr(Mi At < myp At)

A1—0 At

li
At—0

At
= [l - e Ptk
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where the last two lines are derived based on lima;_ o fix At =
846 1 — e MA and my = 1,/ At, respectively.
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Abstract—Based on the common interest of mobile users
(MUs) in a social group, the dissemination of content across the
social group is studied as a powerful supplement to conventional
cellular communication with the goal of improving the delay
performance of the content dissemination process. The content
popularity is modeled by a Zipf distribution to characterize the
MUs’ different interests in different contents. The factor of altru-
ism (FA) terminology is introduced for quantifying the willingness
of content owners to share their content. We model the dissemi-
nation process of a specific packet by a pure-birth-based Markov
chain and evaluate the statistical properties of both the net-
work’s dissemination delay as well as of the individual user-delay.
Compared to the conventional base station (BS)-aided multicast,
our scheme is capable of reducing the average dissemination delay
by about 56.5%. Moreover, in contrast to the BS-aided multi-
cast, increasing the number of MUs in the target social group is
capable of reducing the average individual user-delay by 44.1%
relying on our scheme. Furthermore, our scheme is more suitable
for disseminating a popular piece of content.

Index Terms—Content dissemination, content popularity, factor
of altruism, pure-birth based Markov chain, delay analysis.

I. INTRODUCTION
A. Background and Related Works

S a combination of social science and mobile networks,

mobile social networks (MSNs) [1] are attracting an
increasing attention across the research community. In the con-
text of MSNs, mobile users (MUs) may form a social group
in order to cooperatively disseminate the content of common
interest. There are substantial contributions to the performance
analysis of epidemic forwarding [2] in mobile ad hoc networks
(MANETS). In the context of MANETS, a two-dimensional
continuous time Markov chain (CTMC) was proposed in [3] for
evaluating the performance of a heterogeneous MANETS. To a
further advance, the authors of [4] derived a tight upper bound
of the flooding time, which is defined as the number of time-
steps required for broadcasting a message from a source node to
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all nodes. Furthermore, in [5] the end-to-end message delivery
delay using an epidemic forwarding protocol was investigated
theoretically in a composite twin-layer network, which includes
a physical MANET and a virtual social network.

However, epidemic forwarding [6] is often criticised as being
an end-to-end routing protocol, because it consumes substantial
resources of the intermediate nodes, which might not be inter-
ested in the information to be relayed. However, if MUs can
form a social group and request the content of common inter-
est together, epidemic forwarding becomes an efficient way
of cooperatively disseminating the content in the target social
group!. Content dissemination in purely distributed oppor-
tunistic networks was investigated in [7] and [8]. Epidemic
forwarding aided content dissemination was invoked in [7],
where the users share any content updates with others that they
meet in order to improve the coverage quality and to increase
the capacity. A socially-aware content placement algorithm was
proposed in [8] for enhancing the opportunity of MUs to gain
access to their contents of interest.

Some researches focused on a hybrid content dissemina-
tion approach. In [9] and [10], the authors investigated how
the content providers and network operators can interact for
the sake of efficiently distributing the contents with the aid of
a coalition game. At the time of writing, epidemic forward-
ing aided content dissemination is widely studied for the sake
of offloading tele-traffic from cellular networks. In [11], the
authors proposed a framework for initial content-receiver selec-
tion in order to disseminate the content of common interest to as
many subscribers as possible before interest in the content sub-
sides. In [12], where MUs were categorised into “helpers” and
“subscribers”, several algorithms were designed for solving the
optimisation problem of offloading multiple types of contents
from the cellular networks.

The above-mentioned contributions [2]-[12] focused their
attention on user-encounter-based MANETs or ‘large-scale
MSNs’, where the mobile nodes are sparsely distributed across
a large area. Typically a rudimentary physical layer model is
assumed, namely that if a pair of nodes enter each other’s
transmission range, the packet can be successfully delivered
from the source to the target. Hence, the delivery delay is
dominated by the inter-contact duration®> of mobile nodes
[15], rather than by the wireless signal propagation. Due to

1Other MUs that do not belong to the target social group are not relied upon
for assisting the content dissemination process.

21n these treatises, the inter-contact duration of MUs is commonly assumed
to obey an exponential distribution, which is demonstrated in [13] with the
aid of artificial or synthetic mobility models and in [14] by realistic measured
mobility traces.

0090-6778 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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the underlying long inter-contact duration of the MUs, this
user-encounter-based content dissemination is only capable of
delivering delay-tolerant services in a large-scale area. As a
result, the contributions of [2]-[12] belong to the category of
delay-tolerant networks (DTNs). However, typically idealised
simplifying assumptions are used in the literature of the DTN
paradigm:

e The commonly assumed simplified physical layer model
ignores the impact of transmit power, of the path-loss and
of the multipath fading, etc.

e The cooperative user-encounter based content dissemina-
tion in DTNS is not suitable for delivering delay-sensitive
services.

B. Motivations and Contributions

The conventional method of disseminating the delay-
sensitive content of common interest relies on BS-aided mul-
ticast, where the BS is the sole transmitter. Since the BS-aided
multicast has to guarantee the quality of service (QoS) at every
content requester, the capacity of multicast channels is predeter-
mined by the worst channel amongst those connecting the BS
to the content requesters. In this case, due to the time-variant
nature of wireless channels, when the BS multicasts a packet,
some MUs may receive it earlier than their less fortunate coun-
terparts. Then, the successful receivers have to remain silent,
because the BS would not multicast the second packet, before
all the MUs successfully receive the current one.

In high-user-density scenarios, the MUs often share com-
mon interest in delay-sensitive content. For instance, the crowd
participating in the inauguration of the new Pope share com-
mon interest in close-up video-clips of the Pope on the podium.
Similarly, supporters in a football stadium share common inter-
est in video-clips of a spectacular goal from different angles
or in the score updates from another stadium, as exemplified by
Fig. 1. However, the conventional BS-aided multicast is an inef-
ficient technique of disseminating the delay-sensitive content of
common interest in these typical densely populated scenarios.
The reason for this is two-fold:

e As the content requesters’ density increases, the worst
channel amongst those connecting the BS and the con-
tent requesters becomes even worse, which results in
excessive dissemination delay [16].

e Since the dissemination delay is increased, the BS is
engaged in multicasting for a longer period, which further
delays all other services.

If local MUs form a social group for requesting the content of
common interest from the BS together, local communications
amongst MUs can be exploited for cooperatively multicasting
the packets from the packet owners to the hitherto unserved
MUs in the target social group®. The potential performance gain
of this social group multicast aided content dissemination over
the conventional BS-aided multicast arises from the following
two benefits:

3A similar methodology of improving BS-aided multicast was also advo-
cated in [17], which was mainly focused on the selection of the initial receivers.
However, the authors of [17] have not analysed the content dissemination stage.
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Fig. 1. Social group multicast aided content dissemination in cellular systems.

e Relying on the cooperative multicast of the multiple
packet owners results in rich cooperative diversity gains,
which in turn improves the packet delivery performance.

e Activating direct transmissions amongst the MUs is capa-
ble of reducing the distance between a transmitter and
receiver pair, which in turn reduces the path-loss-induced
channel attenuation between them.

Furthermore, since we offload the content dissemination task
from the BS-aided multicast to the local communications
amongst the social group members, the BS becomes capable of
satisfying other communication demands, which consequently
improves the efficiency of the BS’s exploitation.

The size of the area covered by a social group should be care-
fully designed for different scenarios. If the area is as large as
a macro-cell, cooperative user-encounter based communication
amongst MUs is only suitable for disseminating delay-tolerant
information, as we argued at the end of Section I-A. The best
option for disseminating delay-sensitive information across a
large area is that of classic BS-aided multicast. By contrast,
if the area is relatively small, such as a circular area with a
radius shorter than a hundred meters, which is comparable to
the default transmission range of a MU*, communication effi-
ciency between a transmitter and receiver pair is dominated
by the wireless signal propagation properties, rather than by
their inter-contact duration. Hence, social group aided coop-
erative multicast is capable of significantly reducing the delay
of the conventional BS-aided multicast, as we emphasized at
the beginning of Section I-B. This scenario is termed as a
“small-scale MSN” [15], where the channel attenuation factors
dominate the associated delay characteristics [19]. Against this
background, our novel contributions are as follows:

e A hybrid content dissemination approach is proposed,
which relies both on BS-aided multicast [20] and on
social group multicast aided content dissemination. This
process is modelled by a pure-birth based Markov chain
(PBMC). Various factors that might affect the perfor-
mance of the content dissemination are accounted for,
including the path-loss-induced channel attenuation, the
multipath fading and the users’ altruistic versus self-
ish behaviours, which distinguishes our work from the
existing literature of DTNs.

4New Wi-Fi protocols, such as 802.11n/ac [18], are capable of supporting a
transmission range of hundreds of meters.
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e We model the popularity of different pieces of contents by
a Zipf distribution, which affects the specific formation
of a social group and hence influences the dissemina-
tion process of the content of common interest across the
target social group.

e Considering a specific packet of the content of common
interest, we analyse the statistical properties of the dis-
semination delay, which is the time from the BS’s instant
of multicasting a packet until all the MUs in the target
social group receive this packet. We also analyse the indi-
vidual user-delay, which is the time spanning from the
BS multicasting a packet until a specific MU receives this
packet.

e The advantages of our social group multicast aided con-
tent dissemination scheme over the conventional BS-
aided multicast are demonstrated by the mobility traces
extracted from a realistic subway station scenario.

Note that improving the network infrastructure in high-user-
density areas can certainly enhance the general communication
experience of MUs, when supporting phone calls, texts, emails
and basic data services. However, it may constitute an inef-
ficient technique of disseminating the content of common
interest. It may also be an unwise investment for the net-
work operators, since people often temporarily get together
for attending social events. Hence, improving the infrastruc-
ture capacity may be wasteful. By contrast, our social group
multicast scheme constitutes a more economical and flexi-
ble solution for disseminating the content of common interest
amongst the social group members, which is based on direct
communications between the social group members. We will
demonstrate that our social group multicast aided scheme out-
performs the BS-aided multicast in terms of disseminating the
popular content of common interest in high-user-density areas.

The rest of the paper is organized as follows. In Section 1II,
our system model is introduced. In Section III, we analyse
the delay metrics. Furthermore, the exact closed-form formulas
are derived for two special cases in Section IV. Our numeri-
cal results are provided in Section V. Finally, we conclude in
Section VI.

II. SYSTEM OVERVIEW

Similar to the BS-controlled device-to-device communica-
tion services of the LTE network [21], our system operates
by obeying a centralised-control regime combined with a
decentralised-transmission paradigm’, where the BS acts as
a centralised controller in order to support the functions of
synchronisation®, of social group formation as well as of coor-
dination and resource allocation for multiple content owners
etc. By contrast, the information transmission is carried out by
direct communications between a transmitter and receiver pair.

S5This paradigm has been considered as a part of the forthcoming ‘5G’
regime, known as the ‘LTE-Assisted Wi-Fi Direct’ technique [22], where the
control signalling exchange is carried out by the LTE-based BS, while the
information transmission is realised by the Wi-Fi-based direct communication
between a transmitter and receiver pair.

6Since the MUs in the cellular system rely on regular control signalling
exchange with associated BSs, they can readily synchronise with associated
BSs and hence also with each other.

TABLE I
THE REQUEST PROBABILITIES OF M = 10 RANKED POPULAR CONTENTS
FOR BOTH @ = 0.56 [24] AND @ = 1.0 [23]

Content Gy Gy C3 Cq Cs

a =056 | 21.4% 14.6% 11.6% 9.9% 8.7%
a=1.0 34.1% 17.1% 11.4% 8.5% 6.8%
Content Ce Gy Cg Cq 10
a = 0.56 7.9% 7.2% 6.7% 6.3% 6.0%
a=10 5.7% 4.9% 4.3% 3.8% 3.4%

A. Content Popularity and Social Group Formation

The interest of a MU in a specific piece of content C; may
be modelled by the probability Pr(C;) of this MU requesting C;
from the BS. Having a higher request probability Pr(C;) indi-
cates that the MU is more interested in the content C;. The
statistical analysis of the realistic video viewing behaviours
exhibited by YouTube users revealed that a small fraction of
popular contents attract the interest of a large fraction of users
[23], [24]. Furthermore, the request probabilities of a set of
ranked contents, say {C;|i = 1, ..., M}, may be modelled by
a Zipf distribution [25], [26]. Here M is the number of contents
studied and the subscript i represents the particular position
of C; in the popularity list. A smaller integer subscript i indi-
cates that the content is more popular and hence it is likely to
be requested more frequently. Therefore, the probability of the
piece of content C; being requested is expressed as

g

Pr(G) = —-—o!, (1)
>

L
Jj jo

2

1

where « is a predefined exponent. Having a higher value of
a results in more intense interests in the top-ranked pieces of
contents, as shown in TABLE 1.

Assuming that we have N MUs within the area studied, these
MUs independently request one piece of contents from the set
{Cili = 1,..., M} with the corresponding probability defined
in (1). The MUs requesting the same content C; form a social
group §; in order to cooperatively disseminate the content of
common interest across the social group. Hence, the size of
the social group §; requesting the same content C; obeys a
Binomial distribution, which is denoted as |G;| ~ B[N, Pr(C;)].
In order to exclude the case of |G| = 0, we adjust the probability
mass function (pmf)7 of |G;|, which is expressed as

(W) [Preen]™ [1 = Preen]™"

Pr(|Gi| = N) =
1—[1 —Pren]™

(@)

where N is the specific size of the social group G;. As a result,
the average P(C;) of a specific delay metric associated with dis-
seminating the content C; across the social group §;, whose size
is an adjusted-Binomially distributed random variable, can be
expressed as

N
PE) =Y PG =N) PG =N), ()

N=1

7If no MUs requests the content, we do not have to study the content
dissemination performance.
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where P(]G;| = N) is a delay metric, which is a function of the
deterministic social group size |G;| = N. Given the social group
size N, in Section III, we will derive various delay metrics that
can replace P(|G;| = N) in (3) in order to evaluate the impact of
content popularity on the content dissemination performance.
To sum up, we assume that N MUs form a social group in
order to request the content of common interest from a BS, as
shown in Fig. 1. The formation of a social group depends on the
following conditions:
e MUs share the same interest in a given piece of content;
e The content of common interest is of delay-sensitive
nature;
e MUs roam in a bounded area having a relatively small
size and they are geographically close to each other.

B. Network Layer

In order to disseminate the content of common interest across
a social group, the BS creates a specific queue for buffer-
ing all the packets of the requested content and prepares for
disseminating these packets one by one, as described below.

Firstly, the BSs are employed for repeatedly multicasting the
packet currently at the head of the buffer, until at least one
of the MUs in the target social group successfully receives
it. Then, this packet is cooperatively disseminated across the
social group using multicast techniques.

During the dissemination process, after successfully receiv-
ing the packet, the packet owners (POs) may make their
decisions independently as to whether they would or would
not forward the packet during the following stage of the dis-
semination, as shown in Fig. 2. Once some POs decided to
further forward the packet, they would repeatedly multicast it
until at least one unserved MU in the target social group suc-
cessfully receives it. Afterwards, the new POs join the original
PO set. Both the new POs and the original POs make new
packet forwarding decisions again for the subsequent stage of
dissemination. The probability of a PO willing to forward the
packet is denoted as g (0 < g < 1), which is termed as the
Factor of Altruism (FA). At a given instant, there might not
be any POs willing to further forward the packet. As a result,
the unserved MUs in the target social group have to receive the
packet directly from the BS. Similarly, the BS repeatedly mul-
ticasts the packet until at least one unserved MU in the target
social group receives it.

During the content dissemination process, similar to the con-
ventional BS-aided multicast, the BS keeps a specific packet
at the head of the buffer, until all the MUs in the target social
group successfully receive it. Then the packet is dropped from
the buffer and the BS is ready to disseminate the subsequent
one.

C. Physical (PHY) Layer

In the PHY layer, the radio propagation between any pair of
transmitter and receiver is assumed to experience uncorrelated
stationary Rayleigh flat-fading. Hence, the square of the fading
amplitudes |4;(1)|? during the ™ time slot (TS) obeys an expo-
nential distribution having a unity mean, whose tail distribution
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(i): Some POs are willing to further forward the content of common interest.
(ii): None POs are willing to further forward the content of common interest.

Fig. 2. Actions of POs during the spontaneous content dissemination.
function (tdf) is Pr[|h[(t)|2 > x] =e™*. Given an arbitrary
distance y; in meters, the path loss (PL) €2; is expressed as [27]:

1, v < dp,
4

Qi) = K
47 f,
( C) yi, v = do,

where c is the speed of light and f. is the carrier frequency,
whereas « is the PL exponent and d is the distance from the
transmitter to the ‘near-field” edge.

The random distance Y; is determined by the mobility pattern
of the MUs in the target social group. The following mobility
model is invoked for our performance analysis:

Definition 1 (Uniform mobility model): The position of the
i" MU during the ™ time interval is denoted by P; (), which
obeys a stationary and ergodic process having a uniform dis-
tribution in the area considered. Moreover, the positions of
different MUs are independently and identically distributed
(i.i.d.).

This mobility model has been widely adopted for the per-
formance analysis of MANETSs [28], [29]. Let the probability
density function (pdf) of the random distance Y; between any
two MUs be denoted by fy, (y;). Our forthcoming performance
analysis is applicable not only to the uniform mobility model,
but to any arbitrary mobility model.

Note that, the index / in the formulas is a generic subscript,
which represents ‘b’ when the BS is the transmitter, while it
represents ‘s’ when a MU is the transmitter. In the rest of the
paper, ‘I’, ‘b’ and ‘s’ hold the same meaning.

D. Medium-Access-Control (MAC) Layer

During a TS, a packet of the content is assumed to be suc-
cessfully received by a MU, provided that the instantaneous
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received signal-to-noise-ratio (SNR) is higher than a pre-
defined threshold y [30]. In order to avoid collisions
amongst multiple transmitters, orthogonal-frequency-division-
multiple-access (OFDMA) or code-division-multiple-access
(CDMA) may be invoked for allocating each transmitter an
orthogonal channel. We denote the successful packet reception
probability (SPRP) of a link as w;(y;). By jointly considering
the PHY layer model, the SPRP is derived as

1) =P P |y (1)
my) =kt ——— >y
Q(yDNoW;
_yN(;W[
e I v < dp,
= 7VN(2)‘(’VI (47T:fz‘),(ylk ®)
e M ‘ , Y = do,

where P[x is the corresponding transmit power and NoW; is the
noise power in a communication bandwidth W;. Given the pdf
Sy, (y) of the random distance Y, the average SPRP 7¢; of a link
is derived as

do
ﬁlz/ e
0

A
+/ e fr,dy.
yi=dy

_yNoW,

T fy,Gdy

(6)

Substituting the corresponding parameters and the pdf of the
random distance into (6), we can obtain the average SPRP i
between a pair of MUs and 7, between the BS and a MU.
Moreover, the following lemma is proposed for our further
analysis:

Lemma 1: Given the average SPRP 7z, of a link during a TS,
the average SPRP during a sufficiently short time interval At
(At < 1 TS) is approximately 7r; At.

Proof: The proof can be found in Appendix A. |

Note that the SPRP also represents the normalized through-
put, whose unit is packet/TS [30]. In more details, 7; indicates
that t; packets in average can be successfully received dur-
ing a TS. Therefore, during At (< 1) TS, only 1z; At packets
in average can be successfully received.

IIT. DELAY ANALYSIS OF THE PACKET DISSEMINATION

In this section, various delay metrics of the packet dissemina-
tion process are derived with respect to a specific group size N.
These metrics may replace the performance function P(|G;| =
N) in (3) in order to characterize the average performance as a
function of the content popularity.

A. Pure Birth Markov Chain (PBMC)

Let us assume that there are N MUs in a considered social
group. During the process of packet dissemination across the
target social group, the number of POs steadily increases until
all the N social group members successfully receive the packet
of common interest. Hence, the packet dissemination process
can be modelled by a discrete-time PBMC having (N + 1)
states, as shown in Fig. 3. In this PBMC, the states represent

Dok -

PN-1,N~.

OO

The packet dissemination
is initialized by the BS.

Fig. 3. A pure-birth Markov chain having an absorption state.

the corresponding numbers of POs having received the packet.
State transition only occurs from a lower-indexed state to a
higher-indexed one. Specifically, the state transition emerges
from state 0, which represents the initial stage of the BS-aided
multicast, and terminates in state N, which indicates that all
the N MUs in the target social group have received the desired
packet.

Let us first consider the general transition probability from
state k to state (k + m), where we have 1 <k < (N — 1) and
0<m < (N —k). In the light of the selfish user-behaviour
considered, we assume that only ng, 1 < ng <k, POs are
willing to further disseminate the packet at the current stage.
Therefore, any unserved MU out of the (N — k) unserved ones
is connected to the ny POs by n; wireless links, and any of
these links has the probability of 1w, At to successfully deliver
the packet during the time interval At according to Lemma 1.
As a result, given that n; POs independently deliver their pack-
ets to the same target, the SPRP of an unserved MU is expressed
as [1 — (1 — 7t At)"*]. Furthermore, the state transition prob-
ability pg g4min,£0, Which is also the probability of m out of
the (N — k) unserved MUs successfully receiving the packet
during the current time interval Af, can be expressed as

N —k _
Dk k+m|ni#£0 = < " ) [1—-(- p,SAt)”k]m

(1 = gy AnN=k=m

(S (e

(1 — Tg, Ap) (N =k=m)

_(N—k S i+l im
—( N )[;(l.)el) (s A1)

(1=fg  ApyN=k=m), (7

According to (7), the state transition probability pi km|n; 20
has the same growth rate as 1’ At™. Hence, the adjacent-state
transition probability py k41n,20 Of traversing from state k to
state (k 4 1) has the same growth rate as ry Af. Substituting

m = 11into (7), Pk k+1jn,£0 can be expressed as

Pl k120 = (N — k)ngg At

e (N—k—1)
N —k—D\
+ (N —k) ; < ; )(_MsAt)
ng(N—k)
Nk .
- (""( | )><—mm)f ®)
=2 /
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TABLE II
PARAMETERS OF THE PHY LAYER

BS to MUs MUs to MUs
Transmit Power | P/¥ =31 dBm | P{¥ =0~ 10 dBm
Carrier Freq Jep =18 GHz | fcs =24 GHz
Bandwidth W, = 10 MHz W, = 10 MHz
Noise PSD Ng = —174 dBm/Hz (20°C)
SNR Threshold y =10 dB
PL Parameters Exponent: x = 3; Ref Distance: dy =1 m

@« 1.0 T T T T T T
2 09 [ Total MSN users: N = 100. 1 Total MSN usrs: N = 1‘00.;
= Current state: k = 50. Current state: k = 0. 1
£ 08¢ Factor of altruism: q = 0.5.] BS is invoked for multicast
g 07r ] -ing the packet. ]
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Fig. 4. State transition probabilities when Az = 0.001 TS.

The terms in the square brackets of (8) have the same growth
rate as ﬁ?Atz. Compared to the first term (N — k)ng L, At in
(8), the terms in the square brackets are negligibly low, when
At is close to zero. Hence, in this case, we can approxi-
Mate P k+1jn£0 a8 Pk k+1jn 0 ~ (N — k)nijts At. Similarly,
when 1 At is close to zero, pi k+min, 0 associated with m >
2 in (7) can be approximated as pi k+mn;20 ~ 0. Moreover,
substituting m = 0 into (7), we obtain the probability of the
PBMC sojourning in the current state k after the time inter-
val At, which is pg k20 = (1 — 11, A1) V=K " Again, when
g At is very close to zero, py kjn,£0 can be approximated as
Ph kg0 ~ 1 —ng(N — k), At.

Another scenario is that no POs are willing to for-
ward the packet, corresponding to the case ny = 0. Then
the (N —k) unserved MUs have to receive the packet
directly from the BS. Similarly, we can also demonstrate
that pr k+1jm=0 ~ (N — k), Ar and pg gjm=0 ~ 1 — (N —
k)i, At, while pi g 1min,=0 ~ 0 for m > 2, provided that 1z, At
is sufficiently small. Furthermore, it can be shown that pg | ~
Ny, At, poo ~ 1 — N, At and pg ,, =~ 0form > 2, provided
that 7z, At is sufficiently small.

According to the PHY layer parameters in TABLE II, we plot
the state transition probabilities for state k = 50 and for state
k = 0, respectively, in Fig. 4. We observe from Fig. 4 that the
state transition probabilities of pi x+m and po, for m > 2 are
negligibly low, which demonstrates the high accuracy of the
above approximations involved.

Therefore, assuming a sufficiently short time interval At,
only adjacent-state transitions occur during the process mod-
elled by the discrete-time PBMC, as shown in Fig. 3.

B. Delay of State Transition

In order to study the delay statistics of disseminating a
specific packet, we need to know the specific delay that the
PBMC spends in a particular state, which is termed as the
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state transition delay. As a result, the following lemma may
be formulated:

Lemma 2: Given the state transition probability [ty At from
the current state k to state (k + 1), the transition delay from
state k to state (k + 1) obeys the exponential distribution with a
mean of 1/j; TS, provided that Az is sufficiently small. Here,
1Lk is termed as the transition rate.

Proof: The proof can be found in Appendix B. |
Based on Lemma 2, the discrete-time PBMC seen in Fig. 3
can be further simplified to a continuous-time PBMC, which
only has adjacent-state transitions. The transition rate of this
continuous-time PBMC can be shown to be pi x+1/Atf, where
Dk.k+1 1s the adjacent-state transition probability derived in
Section III-A.
Let us first consider the delay T of the transition from state
k to (k + 1), when k£ > 1. Since each PO has a probability g of
forwarding the packet, in the current state k, the number 7y (0 <
ng < k) of POs willing to forward the packet obeys a Binomial
distribution having a pair of parameters k and g, whose pmf is
given by [31]

k
p(ng) = (nk>q”’<(1 —F ™ e =0,1,....k. (9

For the case of ny # 0, we have piyipn20 ~ ng(N —
k)mg At. According to Lemma 2, the delay T of the transition
from state k to state (k4 1) obeys an exponential distribu-
tion having a rate of nig(N — k)ft; = nips k, where psi =
(N — k). Hence, when ny # 0, the conditional pdf, the mean
and the second moment of 7; may be formulated as

Froime (te) = ngps g - e sk g >0 (10)
o0
1
&[Tkl ni] = / b from ()i = ——. (1)
0 N s,k
2 *© 2
8[T ‘nk] =/ 2 o ()t = (12
k 0 i 1idm (nicpts k)?

For the case of ny =0, we have pgiyijn=0~ (N —
k)m, At, as the MUs in the target social group have to receive
the packet from the BS. According to Lemma 2, the delay Tj
of the transition from state k to (k 4+ 1) obeys an exponential
distribution having a rate of upx = (N — k)it;,. Hence, given
nx = 0, the conditional pdf, the mean and the second moment
of Ty are derived as

Frine=0(tk) = pp i - e 4% 1 >0 (13)

o0
1
E[Tklng =0] = / b frame=0(t)dty = —,  (14)
0 bk

o0
2
& [Tkz‘ ng = 0] = /0 tlngk|nk=0(tk)dtk - (15)

Mk

According to the classic Bayesian principle [31], the pdf of Ty
may be expressed as
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k
i) =" frum @) - pow) + frime=o(t) - p(ng = 0)

nk—l

= Z ( ) (L= @R g e

ng=1

+ (1 — @) pup e Hokte, (16)

Moreover, the mean of T} is formulated as
k
EITi] = E[Tilnk =01 pu = 0) + Y E[ Tkl mil p(mi)

ng=1

1 — k k k ng (] — k—ny
_( q)+2<>q( q) ’ (17
Wb k — \Nk R fLs, k
nip=1
E[Ti.p]

& [Tk,s]

where E[T p] represents the average duration of the BS-aided
multicasting invoked during the transition from state k to state
(k + 1), where E[Ty ] is the average duration of the social
group multicasting during this state transition. Furthermore, the
second moment of 7} is formulated as

& [Tkz] =& [Tkz‘nk = O] png =0) + i & [Tkz‘nk] p(ny)

np=1

k k—
k\2g" (1 — g)* "
+ E = - ¥
(”k) (ks k)?

ni=1

201 —g)f

(18)
'ulza,k

From (17) and (18), we can also derive the variance
of Ty by using the formula of Var[T;] = S[Tkz]—{E[Tk]}z.
Furthermore, we may simply derive the pdf, the mean and the
second moment of the transition delay 7y from state O to state 1
by substituting k = 0 in (13), (14), and (15), respectively.

C. Dissemination Delay

Since the delay of the transition from a state to its successor
is independent of any other state transition’s delay, and given
that the dissemination delay across the target social group is
defined as Tp = Z,Icv _01 Tk, the mean of Tp can be expressed as

N-1
a- g (1 — )™
elTpl =) ——— Z Z e
=0 Mbk k=1 mmt Vi Rk s,k
(19)
while the variance of Tp can be formulated as Var[Tp] =
Zk o Var[Tx].

There is no exact closed-form tdf for the dissemination delay
Tp in this general case. However, given its mean and vari-
ance, we may approximate it as a random variable obeying the
Gamma distribution, which is usually more accurate than its
Gaussian counterpart, when non-negative random variables are
concerned [32]. According to the theory of the Gamma distri-
bution [33], it is uniquely and unambiguously described by its
shape parameter m = {E [TD]}2 /Var[Tp] and scale parame-
ter ® = Var[Tpl/E[Tp]. Then, given a delay threshold Dy,
we may derive the approximate probability of the dissemination
delay Tp exceeding D;j as

F<m’ %> F({E[TD]}2 DthE[TD])

Pr(Tp > D) &~ ® /) _ Var[Tp] Var[Tp]

T'(m) o ({E[TD]}2>
Var[Tp]
(20)

The accuracy of (20) will be verified by the Monte-Carlo
simulation in Section V.

D. Individual User-Delay

A specific MU A in the target social group may receive the
packet at any state spanning from 1 to N during the process
of state transitions. When considering the transition from state
(k—1) to k (1 <k <N), any of the (N —k + 1) unserved
MUs may successfully receive the packet with a probability
of 1/(N — k + 1), and may not receive it with a probability of
(N —k)/(N — k + 1). Specifically, the probability of A receiv-
ing the packet in state k, which naturally implies that A has
not received the packets at any of the previous states, may be
expressed as

k—1 N 1

—, 1 <k<N. (21
N — k+1 EN—l—i—l N - 1)

Pk =

Hence, given that A receives the packet in state k, the
individual user-delay of A is expressed as Ty = le;(]) Ty
and the conditional pdf of T4 is expressed as fr,x(ta) =
S1y+--+1_; (ta). According to the Bayesian principle [31], the
pdf of the individual user-delay 74 can be expressed as:

Al Al fro+ 12, (ta)
Frat) =Y frawlta) - pe =y 2 (22)

k=1 k=1 N

Furthermore, owing to the fact that {7y, T1, ..., Tx—1} are inde-
pendent of each other, the average of T4 can be obtained
as

N

SR Sl
k

k—1
Y EIn]
i=0

N
N —k+ 1

=Y ——¢[hi],

k=1

(23)

where & [Tk_l] is given by (17). Furthermore, the second
moment of 74 is given by

+Ti—1 (tfl) dt_A

x N l2 f
21 A To+-
E[TA]_/O § ~
k—1

_i [(T0+T1+ A+ Ti-p)? _i EITT)]
- N _kll N

1

~
Il

,j=0

N-ok+1 N ET [Hy — T,
— E[Tk2_1]+§—k ~ N ¢ Z))

Il
M=

~
Il
-
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where &, = (E[Tol, E[T1]. ..., E[Th1 DT, Hy is a k xk
matrix, whose elements are all ones, and Ij is a k x k identity
matrix. Consequently, the variance of T4 can be expressed as
Var(Tq) = E[T4]1—{E[Ta]}*. Hence, by substituting €[74]
and Var[T 4] into (20), we may obtain the approximate proba-
bility of 74 exceeding threshold Dyy,.

IV. DELAY METRICS FOR SPECIAL CASES
A. Case 1: Conventional BS-Aided Multicast (q = 0)

In this pessimistic case, all the MUs in the target social group
are selfish during the packet dissemination process. Hence, the
BS has to disseminate the packet to all the MUs in the target
social group.

1) Dissemination Delay: When FA is g = 0, according
to Egs.(13)~(15) in Section III-B, the state transition delays
{Tx,k=0,1,..., (N — 1)} are the independent exponentially
distributed variables associated with the rates of {{fy = (N —
kY, k=0,1,..., (N — 1)}. Since the dissemination delay
is defined as Tp = ’1:/:—()1 Ty, Tp obeys the hypoexponen-
tial distribution [34]. Furthermore, since the rates of {7y, k =
0,1,..., (N — 1)} are different from each other, the pdf of Tp
can be expressed as

N-1 N-1

N—j — —(N=k)mpt
frolg=0(tp) = Y | H 7= N PR VO,
k=0 j=0,j#k
(25)

In order to derive the probability of Tp exceeding a given
threshold Dy, we integrate the above pdf fr,,—0(¢p) over the
region [ Dy, 00), which is expressed as

o0
Pr(Tp > Dilg =0) =/ Sfrpig=0(tp)dtp
Dth

N—-1 N-1 .
_ I N=J ~—tmDu
k=0 j=0, £k k—=J
(26)

2) Individual User-Delay: When the FA is ¢ = 0, the indi-
vidual user-delay is solely determined by the quality of the
wireless link connecting the MU A to the BS. As a result,
according to Lemma 2, the individual user-delay 74 obeys an
exponential distribution having a mean of 1/,. Furthermore,
the probability of T4 exceeding a given threshold Dy is
derived as Pr(T4 > Dyplg = 0) = exp(—itp Din).

B. Case 2: Fully Altruistic Behaviours (¢ = 1)

In this optimistic scenario, all the MUs in the target social
group are completely altruistic. Since there are always some
POs willing to forward the packet during the dissemination
process, the BS is not invoked for multicasting the packet any
more, once some of the MUs have initially received it from the
BS.

1) Dissemination Delay: When the FA is ¢ = 1, by sub-
stituting nxy = k into Eqs.(10)~(12) in Section III-B, we
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know that the state transition delays {73, k=1,...,(N —
1)} are independent exponentially distributed variables associ-
ated with the rates of {{ix = k(N — k)i, k=1,2,..., (N —
1)}. Furthermore, by substituting k£ = 0 into Eqs.(13)~(15) in
Section III-B, the initial state transition delay 7 is also an expo-
nentially distributed variable associated with a rate of [y =
Nixp,. Note furthermore that Tj is also independent of {7, k =
I,..., (N — 1)}. Since the dissemination delay is defined as
Tp = Z]iv:_ol Ty, Tp obeys the hypoexponential distribution.
However, the rates of {ix =k(N — k), k=
1,2,..., (N — 1)} associated with {T},k=1,..., (N — 1)}
exhibit a symmetric structure. For example, the rates of Tj
and Tn_j share the same value of k(N — k)ft,. Hence, the
closed-form equation for the tdf of Tp may only be expressed
in the form of a continuous phase-type distribution [35]. As a
result, when g = 1, the transition rate matrix of the PBMC is

expressed as
—Ho o O e 0 0
0 —m 0 0
: O . : Q Qo
= Mk Mk . : —
P B (5%
0 0 —un—2 pn-—2 O
o 0 .- 0 —HdAN—1 HN-1
0 o - 0 0 0

27

where Q is a (N x N)-element matrix containing all the tran-
sition rates between transient states, Qg is a (N x 1) column
vector containing all the transition rates from transient states to
the absorbing state N, whose last entry is iy—; and finally,
the remaining entries are all zeros. As shown in Fig.3, the
packet dissemination process starts from the initial state 0.
Thus, the probability of Tp exceeding a given threshold Dy,
is expressed as

Pr(Tp > Dulg = 1) = 7] x exp(DyQ) x 1y, (28)

Note that in (28), the (N x 1) column vector Tp4; (0 <k <
N — 1), whose (k + 1)th entry is one but all the others are
zeros, indicates that the PBMC starts at state k, while the
(N x 1) column vector 1;41, whose first (k 4+ 1) entries are
ones and the remaining entries are zeros, indicates that the
PBMC process is absorbed at state (k + 1). The proof of (28)
can be found in [36].

2) Individual User-Delay: Given an event that the MU A
successfully receives the packet at state (k + 1) (0 <k < N —
1), the PBMC used for modelling the packet dissemination in
Fig.3 is considered to be terminated at state (k 4+ 1). According
to the physical meaning of both 741 and 1441, similar to (28),
the probability of 7 4 exceeding the threshold Dy, given that A
receives the desired packet at state (k4 1) for (0 <k <N —
1), is expressed as

Pr(Ta = Dinlg = 1,k +1) = 7] x exp(DinQ) X Lis1.
(29)

Since we have already derived the probability of py+1 = 1/N
that A receives the packet at state (k + 1) in (21), according to
the Bayesian principle [31], the probability of 74 exceeding the
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threshold Dy, is derived as

N-—1
Pr(Ty > Dylg =1)= Y Pr(Ta > Dilg = 1.k+1) - ey
k=0
_Ni ] xexp(DyQ) x L1 ! xexp(DiQ) fol
= N = N k+1
k=0 k=0
7 x exp(D;Q) x 1
= , (30)
N
where n = (N, N — 1, ..., DT isa (N x 1) column vector.

C. Case 3: Moderately Altruistic Behaviours (q = 0.5)

Unfortunately, we are unable to derive the exact tdf for the
scenario, when the FA is set to ¢ = 0.5. However, we are still
able to offer some interesting insights concerning the delay met-
rics of this specific case. Substituting ¢ = 0.5 into the second
term of (17), the average duration of the social group multicast
process during the transition from state k to (k + 1) for k > 1
can be given by

k

1 k\ 1
2K gk Z (m)ﬁ

np=1

E[Tkslg = 0.5] = 3D

According to Eq.(68.1) of [33], we arrive at the following lower
bound for [T} s|¢ = 0.5], which is expressed as:

k

1 ky_ 1
eIt =0.5 Y -1
[Tk.s1q 1> 5 Lok 2 <nk) ng + 1
ng=0
1 okl _ k42
_ + 32)
2k . ,us,k k + 1

Similarly, substituting ¢ = 1.0 into the second term of (17),
the corresponding formula of [Ty s|qg = 1.0] for this fully
altruistic behaviour may be expressed as &[Ty |g = 1.0] =
1/(kps k). As a result, the ratio Ry s of these two expressions
can be formulated as

Q! —k+2)k

w_ ElTkslg =0.5]
ks 2%k + 1)

= >
© ElTkslg = 1.0]

(33)

In the ideal scenario, when k tends to infinity, this ratio can be
expressed as limg_, o Rk,s > 2. Since the lower bound derived
in (32) is very tight®, we can summarise that by assuming mod-
erately altruistic behaviours, the average duration of the social
group multicasting during the transition from state k to (k + 1)
is twice that of the fully altruistic scenario, provided that & is
sufficiently high.

Let us now demonstrate the tightness of the lower bound (32)
in terms of the average dissemination delay. Substituting (32)
into (19), the lower bound of the average dissemination delay

8The tightness of this lower bound will be demonstrated in the following
paragraph in terms of the average dissemination delay.

Base Station

The Target MSN Group

Fig. 5. Geographic features for obtaining numerical results.

E[Tplg = 0.5] can be formulated as
N-1 N-1 k N 1
E[Tplg =0.5] = — 4+ ( )—
,;; 2Kk ]; 2K i nkzzl ni) ng
N—l N—l k+1
1 1 267 — k42
DI e DI
Pl N S iR TV S S

(34)

When we compute the exact result of E[Tp|g = 0.5], which is
represented by the first line of (34), and its lower bound, which
is quantified by the second line of (34), then for a large social
group size N, such as N = 50~200, using a set of other related
parameters in line with those of Fig. 6, the root-mean-square-
deviation (RMSD) of these two sets of results can be shown
to be 0.094 TS. Hence, we can claim that for a large social
group size, which represents our densely populated scenario,
the lower bound expressed in (34) can be regarded as an approx-
imate result of £[Tp|g = 0.5]. Furthermore, the tightness of the
lower bound derived in (33) can also be readily demonstrated.
Similarly, with the aid of (32), we can also obtain the lower
bound for the average individual user-delay £(T4]g = 0.5).

V. NUMERICAL RESULTS

The parameters of the PHY layer are presented in TABLE II.
The specific parameters used for transmissions from the BS
to the MUs are in line with FDD-LTE standard®, while the
transmission parameters between the MUs are in line with the
commonly used 802.11 protocol [18].

As shown in Fig. 5, we assume that all MUs in the target
social group roam in a circular area having a radius of » = 40
m by obeying the uniform mobility model. The BS is d = 200
m away from the centre of the circular area. In this scenario,
the pdf fy, (ys) of the distance between a pair of MUs is given
by Eq. (23) of [38], and fy, (y») between the BS and a MU can
be found in our technical report [39]. Substituting fy, (ys) and
fv, (yp) into (6), alongside the parameters offered in TABLE I,
we may obtain the average SPRP i, and 1z}, which further lead
us to the analytical (ana) results for the various metrics. If we
let ¢ = 0 in our model, the corresponding analytical results are
derived for conventional BS-aided multicast.

In order to obtain a reliable statistical characterization of the
simulation performance (sim), we repeatedly run Monte-Carlo

9We assume a 1.8 GHz carrier frequency in line with the LTE networks
operated by the British company EE [37].
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Fig. 6. Average dissemination delay affected by the number of MUs in the
target social group, which is parameterized by the FA. The analytical results
were evaluated from Eq. (19).
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Fig. 7. Average individual user-delay as a function of the number of MUs in
the target social group, which is parameterized by the FA. The analytical results
were evaluated from (23).

simulations 10 000 times and set the time-interval of our system
to be At = 0.001 TS, where a TS can be considered as a packet
duration. All the delay related metrics are evaluated by the num-
ber of TSs. In the numerical results of Figs. 68, we study the
impact of the social group size N on the delay metrics of the
packet dissemination process without considering any specific
content popularity.

A. Delay Metrics for Uniform Mobility Model

As shown in Fig. 6, when FA # 0, the average dissemina-
tion delay firstly increases, as the number of MUs is increased.
When only a few MUs are in the target social group, a longer
period is required for disseminating the packet to all of the
group members due to the increasing content demand of the
unserved MUs. However, by further increasing the number of
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Fig. 8. The tail distribution of the delay versus (a) the transmit power and
(b) the SNR threshold for successful reception, which is parameterized by the
number of MUs in the target social group. The analytical results were either
directly or indirectly derived from Eq.(20).

MUs, the diversity gain incurred by the cooperation of the
multiple multicasters becomes sufficiently high to mitigate the
adverse effect of the increasing content demand. As a result, we
observe that the average dissemination delay decays after reach-
ing its peak, as the number of MUs is further increased. For
example, for FA = 0.2, the delay is reduced by 53.5%, as the
number of MUs is increased from N = 20 to 60. Furthermore,
a higher FA incurs a lower delay, since more POs are willing to
forward the packet after they successfully receive it. For exam-
ple, for N = 20, the average dissemination delay is reduced
by 75.4%, as the FA is increased from 0.2 to 1. By contrast,
when FA = 0, the conventional BS-aided multicast technique
is invoked. However, as the number of the MUs increases, the
average dissemination delay also increases. We observe from
Fig. 6 that our approach is capable of reducing the average
dissemination delay of the conventional BS-aided multicast by
56.5% for N = 80, when a small FA value of 0.2 is assumed.
As shown in Fig. 7, when only a few MUs are in the tar-
get social group and the FA is non-zero, due to the users’
selfishness, fewer than two POs are willing to forward the
packet during the dissemination process. Therefore, we observe
from Fig. 7 that the average individual user-delay initially
increases, because it does not benefit from any diversity gain.
However, as we further increase the number of MUs, an increas-
ing number of POs become willing to forward the packet,
which substantially reduces the average individual user-delay,
as observed from Fig. 7. For example, for FA = 0.2, the aver-
age individual user-delay is reduced by 44.1%, as the number of
MUs is increased from N = 20 to 60. Nevertheless, when the
conventional BS-aided multicast is invoked, the average indi-
vidual user-delay, which only relies on the link connecting this
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Fig. 9. Average dissemination delay as a function of the rank of the popu-
lar content. The transmit power of the BS is Plix = 31 dBm and the transmit
power of aMU is P/* = 0 dBm. N = 100 MUs independently request M = 10
ranked-popularity pieces of contents according to the request probabilities
listed in TABLE I when o = 0.56. The analytical results were evaluated from
Eq.(3).

specific MU to the BS, remains near-constant at 2.95 TS, as the
number of MUs increases. Furthermore, the average individual
user-delay is improved, when we increase the value of the FA.
For example, given N = 20 MUs in the target social group, the
average individual user-delay is reduced by 60.6%, as the FA is
increased from 0.2 to 1.0. Additionally, given N = 80 MUs in
the target social group, the average individual user-delay drops
from 2.95 TS to 1.3 TS, comparing the conventional BS-aided
multicast to our approach associated with FA = 0.5.

Observe in Fig. 8(a) that the probability of the dissemina-
tion delay exceeding a threshold of D;;, = 6 TS reduces upon
increasing the transmit power of each MU. By contrast, as
portrayed in Fig. 8(b), the probability of the individual user-
delay exceeding the same threshold increases upon increasing
the SNR threshold to be exceeded for ensuring successful
packet reception. Our Gamma-distribution-based approxima-
tions match the simulation results.

Then, we study the average dissemination delay as a func-
tion of the specific popularity of the pieces of contents in
Fig. 9. Observe from Fig. 9 that as a piece of contents becomes
less popular, the average dissemination delay of our scheme
increases, when we have a moderate degree of altruism asso-
ciated with FA = 0.5. When a piece of content is less popular,
fewer MUs may request this content, hence the resultant smaller
social group fails to provide sufficient cooperative multicast
opportunities for rapidly disseminating the packet across the
social group. By contrast, since a less popular piece of contents
results in a lower content demand, the average dissemination
delay of the BS-aided multicast reduces, as the content becomes
less popular. Furthermore, as shown in Fig. 9, our scheme asso-
ciated with FA = 0.5 outperforms the conventional BS-aided
multicast in terms of its delay of disseminating the most popular
content. Nevertheless, the BS-adied multicast is more suitable
for disseminating the less popular pieces of contents.

B. Investigations Using Real Mobility Traces

Let us now study the content dissemination performance
in a densely-populated subway station scenario [40]. The
mobility traces for this scenario can be downloaded from the
CRAWDAD database!?. The active area in this scenario is

101'1ttp://crawdad.cs.da.rtmouth.edu/kth/walkers/

B
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store
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Individual-user delay of
BS-aided multicast s

Average Individual delay (TS)
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Factor of Altruism (P,"= 31 dBm, ITS = 0.6s)

Fig. 11. Average individual user-delay in a subway station when all the MUs
in the subway station form a grand social group for downloading a content of
common interest.

1921 m?. After analysing the mobility traces, the centre O of
the active area is found to be at the coordinates of (44, 30.55)
m, as shown in Fig. 10. In our simulations, we placed the BS at
the point (—156, 30.55) m, which is 200 m away from the cen-
tre of the subway station. Since the MUs arrive/depart either
through the entrances or during the arrival/departure of trains,
the number of MUs is dynamic during the simulation time. As
a result, we cannot readily obtain the dissemination delay in
this scenario. However, we are still able to evaluate the indi-
vidual user-delay, when our content dissemination scheme and
conventional BS-aided multicast scheme are invoked. Again,
the physical layer parameters are summarised in TABLE II.
Since the positions of the MUs are captured every 0.6 s in this
mobility trace, in our simulations we set the basic time inter-
val of At = 0.6 s as a single TS, which can be considered as a
packet’s duration. Then the delay was evaluated in terms of the
number of TSs.

We first assume that all the MUs in the subway station form
a large social group in order to download the train schedule of
common interest. Observe from Fig. 11 that for the cases of
P!* =0 dBm and P/* =5 dBm, the average individual user-
delay is reduced, as we increase the FA from 0.0 to 1.0. For
P* = —5 dBm, when FA is increased from 0.0 to 0.1, we
observe an increasing average individual user-delay. This is
because the SPRP between the MUs is low and also, because
fewer POs are willing to forward the packet. As FA becomes
higher, more POs may join to assist the packet dissemina-
tion process, which significantly reduces the average individual
user-delay. Specifically, when FA = 0, conventional BS-aided
multicast is invoked for disseminating the packets. For P/* = 0
or 5 dBm, if the MUs become only modestly altruistic, say we
have FA = 0.1, our content dissemination scheme outperforms
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Fig. 12. Average individual user-delay in a subway station when the MUs in
the subway station independently request M = 10 ranked-popularity pieces of
contents according to the probabilities listed in TABLE I when o = 1.

A TS, during which the successful packet
reception probability is pt;

M sub TSs
in total

Each sub TS has a successful packet
reception probability v/;

Fig. 13. The structure of a TS.

the conventional BS-aided multicast. For P/* = —5 dBm, our
scheme starts to outperform the classic BS-aided multicast,
provided that FA is higher than 0.4.

We then study the impact of the specific content popular-
ity on the average individual user-delay in a subway station.
Observe from Fig. 12 that when disseminating the most popular
content in the subway station, our dissemination scheme asso-
ciated with FA = 0.5 outperforms the conventional BS-aided
multicast. However, the BS-aided multicast is more suitable for
disseminating less popular content in this scenario. The reason
behind this trend is the same as that associated with Fig. 9.

VI. CONCLUSIONS

In this paper, we proposed a social group multicast aided
content dissemination scheme as a supplement to the conven-
tional cellular system. The content popularity is modelled by
a Zipf distribution and the concept of FA was introduced for
the sake of quantifying the probability of a PO forwarding a
packet of the content of common interest. In our scheme, the
BSs are invoked for multicasting the packet at the initial stage,
as well as when no POs are willing to share the packet with oth-
ers. By modelling the packet dissemination process as a PBMC,
closed-form expressions were derived for the statistical prop-
erties of the various delay metrics. We demonstrated that our
approach outperforms the conventional BS-adied multicast in
terms of both the dissemination delay and the individual-user
delay, especially when the density of MUs in a target group is
high. Furthermore, we found that our approach is more suit-
able for disseminating a more popular content. By contrast, the
conventional BS-aided multicast performs better for dissemi-
nating a less popular content.
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APPENDIX A
THE PROOF OF LEMMA 1

As shown in Fig. 13, a TS is divided into M sub-TSs, each
of which has a duration of At = 1/M TS. We assume that the
SPRP in a sub-TS is v;. As a result, given the SPRP 1; in a
TS, we may derive the relation between ; and v;, which is
expressed as

M
m=) —w i =1-a-wmh
j=1

(35)

Rewriting the above expression, we obtain

vi=1-0-m)"M =1-0a-m™, (36)

where the second equality is derived according to At = 1/M
TS. If we expand (1 — ;)" according to the Taylor series, we
have
N\ (At
a—n#”=2Xi)emw=1—mm+0mh(m>

n
n=0

where O(EIZ) is the infinitesimal by small quantity on the same
order as ﬁl-z. Substituting the above equation into (36), we have

vi =T AL+ O(;) ~ I At. (38)

According to our experiments, if we vary ; from 0 to 0.8,
the root-mean-square-deviation (RMSD) between the exact v;
given by (36) and the approximated v; given by (38) is 9.45 x
10~*. As a result, it is reasonable to claim that Vi & W; At.

APPENDIX B
THE PROOF OF LEMMA 2

During a time interval A¢, the PBMC may transit from state
k to (k + 1) with a probability of fix At. Naturally, the success-
ful state transition first occurring during the (M} = my)-th At
interval obeys a geometric distribution. According to the PMF
of a geometric distribution having a parameter of i Af, we
arrive at:

mp
Pr(McAt <mpAt) =Y (1= IAD™ At
m=1
(39
mi+1
Pr(MAt < (m+ DA = Y (1= TAD™ i At.

m=1

(40)

The continuous-valued delay of the adjacent-state transition is
denoted as Ty = M At, which is associated with a specific
value of #; = my At. Hence, we may derive the pdf of T} as:
Pr(Ty <ty + At) — Pr(Ty < ty)
it = Jim, Y
m Pr(Mi At < (mp + 1)At) — Pr(Mi At < myp At)

At—0 At

li
At—0

At
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where the last two lines are derived based on lima;— o fix At =
846 1 — e MA and my = t;/ At, respectively.
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