
376 IEEE TRANSACTIONS ON NETWORK AND SERVICE MANAGEMENT, VOL. 11, NO. 3, SEPTEMBER 2014

A Business Model for Multimedia
Streaming in Mobile Clouds

Giovanni Schembra and Giuseppe Incarbone

Abstract—In the last few years, the proliferation of mobile
devices coupled with the ever-increasing popularity of multimedia
applications, has stimulated great interest of new figures of service
providers. The major objective is to offer mobile users, located in
limited areas, with broadband multimedia applications enriched
with services and functionalities specific to mobile scenarios. This
is the case, for example, of passengers waiting to board in an
airport, visitors to a museum, or spectators at a football stadium.
Since cellular networks usually cannot deliver bitrates suitable for
such kinds of applications to every single user, the most appealing
solution for providing mobile users with multimedia applications
is to organize users into mobile clouds. In this context, this paper
considers delay-constrained multimedia streaming applications
over mobile clouds, and defines a business model for managing
these kinds of services. Users are divided into two classes, accord-
ing to the way they intend to pay for the service: in bandwidth
and energy for traffic relaying (cheap-tariff) or with some money
(full-tariff). An analytical model is proposed for designing the
main system parameters and deciding on the tariffs of the business
model. Finally, the business model is applied to a case study.

Index Terms—Mobile clouds, multimedia applications, business
model, Markov models, quality of service.

I. INTRODUCTION

IN the last decade mobile communications systems have
registered a tremendous increasing trend to meet the user

goal of communicating any information with anyone, at any
time, from anywhere. This trend has been supported by both
software and hardware evolution, with ever more efficient,
customizable and user-friendly operating systems, and more
sophisticated hardware platforms with longer battery life, ver-
satile connecting interfaces and greater memory and CPU
capabilities. Thanks to the integration of GPS, video camera
and other facilities, mobile devices are really becoming mobile
supercomputers for multimedia applications. With the evolution
from 3G to 4G systems, the major objective is to offer mobile
users with broadband multimedia applications like the ones
already accessible from the current fixed network, and enriched
with services and functionalities specific for mobile scenarios.
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Today’s most interesting mobile multimedia applications,
such as Video on Demand (VoD) and IPTV, are based on
distributing multimedia content to a high number of receivers
simultaneously in a multipoint fashion. At the same time there
is a strong increasing interest in many other multimedia multi-
point applications, with specific peculiarities and requirements
that make them substantially different from the previous ones.
Many of them are context-specific, and involve a group of peo-
ple located within proximity in a limited area. This is the case,
for example, of passengers waiting for boarding in an airport,
visitors in a museum, or spectators in a football stadium. In
most of the above situations, users access the network with a
mobile terminal, connecting the Internet through a cellular link.
However, if a high number of mobile terminals use services
with high bandwidth requirements, the access points to the fixed
networks may not be able to satisfy user requests. Although
technological advancements in wireless networks such as LTE
tend to increase the maximum transmission bitrate, the average
effective bitrate per user may result unsatisfactory for high
quality multimedia streaming.

The most appealing solution to address this problem, to
provide mobile users within proximity with multipoint appli-
cations, is to realize mobile clouds [1]. A mobile cloud is
a cooperative arrangement of dynamically connected wireless
nodes in close proximity to each other sharing opportunistically
resources. According to this paradigm, mobile devices of the
same cloud are organized in a wireless ad-hoc network to access
the Internet through the cellular link shared by one or some of
them, with the objective of increasing bandwidth and saving
energy for mobile devices as well as for the network operators.1

Each mobile node cooperate with the others contributing with
its uploading capacity, making this approach scalable with the
number of nodes.

The proposed paradigm, if compared with other systems
with the same target, presents at least the two following main
advantages:

1) providing multimedia streaming capability to users that
are not able to directly connect to the Internet through a
cellular connection, either because they have not got an
active contract with a cellular operator or for problems of
limited battery autonomy;

1Let us stress that the concept of mobile cloud is different from the concept
of mobile cloud computing. In fact, as described in the paper, mobile cloud is
a scheme for organizing cooperative mobile devices in wireless networks for
resource sharing. Instead, mobile cloud computing [35] refers to the concept of
computation offloading, which can be used for example to reduce computation
time and save energy for battery powered mobile devices.
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2) achieving energy saving for both cellular operators and
mobile clients. In fact, from the cellular operator point of
view, use of the proposed paradigm allows the operator to
maintain only one cellular connection active per mobile
cloud. On the other hand, from the mobile client perspec-
tive, only one client has to maintain active its cellular
connection, while the others can turn-off it, using only
their WiFi connection, that is less expensive in terms of
energy with a factor of about four times [2], [3].

The mobile cloud paradigm is stimulating the birth of new
service providers focusing on providing new multimedia ser-
vices. These service providers are manifesting great inter-
est not only for classical multimedia applications, like video
streaming and video on demand, but also for new real-time
interactive multipoint applications, that are more difficult to
be managed because of their stringent quality of service (QoS)
requirements.

Applying the mobile cloud paradigm to this kind of ser-
vices seems today not sufficiently explored, and constitutes a
challenging research activity in the immediate future. In fact,
many problems arise in this context that are not present in
other scenarios. For example, for this last kind of applications,
a network mesh topology cannot be used because it may
introduce an unacceptable end-to-end delay due to both a not
controllable number of hops and loose of the packet delivery
sequence. Moreover, the application of techniques of network
coding proposed in this context [4], [5] risk to cause mobile
terminal energy waste that exceeds energy saving motivating
the application of these techniques.

In addition, new business models are needed to support
the economical growth of these kinds of applications. To this
purpose this paper defines a business model to manage delay-
constrained multimedia streaming services over mobile clouds.
Users are divided in two classes, according to the way they
intend to pay the service: in bandwidth and energy for traffic
relaying (cheap-tariff), or with some money (full-tariff).

More specifically, the following innovative key elements are
introduced in the paper:

1) a delay-constrained multimedia multipoint mobile cloud
which privileges end-to-end requirements in terms of
end-to-end delay, and avoids complexities like multiple
tree management, problems of out-of-order packets due
to mesh overlay network topology, and high computa-
tional and memory loads due to sophisticated computa-
tion techniques (e.g., network coding) that are not suitable
for mobile terminals like PDA and smart phones;

2) a business model for delay-constrained multimedia
streaming applications over mobile clouds;

3) a topology management strategy for multimedia mobile
clouds to support delay-sensitive applications with two
classes of mobile nodes, as required by the proposed
business model;

4) a mobile node admission control (MNAC) policy to
provide active users with QoS guarantees; the idea of
MNAC, inherited from the admission control concept
defined in the past for service-guaranteed networks like
ATM [6], is applied to accept mobile nodes until the

system is able to guarantee the required level of QoS to
all the active nodes;

5) an analytical tool to design the main network parameters
and the business model variables.

The paper is structured as follows. In Section II a summary
of the related work is presented. Section III describes the
considered system and the proposed mobile cloud manage-
ment protocols. Section IV proposes the business model for a
provider of multimedia services in mobile clouds. Section V
introduces an analytical Markov model of the whole system to
design the main parameters and decide the tariffs of the business
model. Section VI analytically derives the main performance
parameters. Section VII evaluates the accuracy of the proposed
model via simulation. Section VIII applies the model to achieve
a numerical analysis of the behavior of the system, and charac-
terize the business model, calculating the tariffs that maximize
the service provider revenue in a case study. Finally, Section IX
concludes the paper.

II. RELATED WORK

In this section we discuss related work in the areas of mul-
ticast multimedia streaming, mobile clouds and service pricing
models.

Since the introduction of the first commercial products in
1995, multicast multimedia streaming has experienced a phe-
nomenal growth, and has stimulated considerable research ef-
forts, particularly directed towards efficient, robust, scalable
and low-latency video coding and transmission [7]. A lot of
work has been done in the context of multimedia streaming
in mobile ad hoc networks and infrastructure-based wireless
networks, but the main focus has regarded robust encoding
techniques and resource allocation [8], [9]. Sinkar et al. in [10]
introduced a peer-to-peer (p2p) approach based on user cooper-
ation to recover lost packets in a generic multicast service, but
did not address specific multimedia services with stringent QoS
requirements in terms of end-to-end delay. Then a high number
of topology structures and service management protocols for
multimedia contents dissemination have been proposed [11]–
[13], but none of them is suitable to the context considered
in this paper. Works proposing mesh [14] or forest [15]–[17]
topologies require specific and complex source and channel
encoding techniques [18] that are not feasible for devices with
low computation capabilities and battery lifetime. Other works
proposing tree topologies [19], [20] are not able to guarantee
QoS for delay-constrained applications. On the contrary, in this
paper we apply a tree-structured topology, but we limit the
available room of the tree and introduce an admission control
policy to achieve QoS guarantees.

Previous works, as for example [21], [22], proposed to use
an admission control scheme to manage the access of nodes in
an overlay network, but they centered their focus on security
aspects, trying to match admission control mechanisms with
appropriate cryptographic techniques and protocols. Instead, at
the best of our knowledge, this is the first time an admission
control scheme is proposed to a mobile cloud to achieve QoS
requirements, expressed in terms of end-to-end delay from the
source.
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Fig. 1. Mobile cloud Internet connection sharing.

Another paper peculiarity is the application scenario, that is
mobile cloud. The mobile cloud approach seems today to be an
appropriate solution to increase download bandwidth to mobile
users located within proximity. It is based on the concept of
user cooperation. A wide discussion on the motivations leading
users to cooperate to dynamically create mobile clouds can be
found in [5]. A lot of research work in the recent literature
was centered on the importance of the mobile cloud paradigm
in terms of energy saving and new service deployments [4].
Other works aim at evaluating the capabilities of the current
technologies for mobile devices and network infrastructures
to support this new paradigm in terms of memory, processing
power, batteries and wireless link bandwidth (see for example
[23]). Some implementation solutions for content sharing ap-
plications that do not present stringent constraints in terms of
end-to-end delay are appearing in the very recent literature [24],
[25]. On the contrary, application of the mobile cloud approach
to multimedia multipoint delay-sensitive communications ser-
vices seems today not sufficiently explored, and constitutes the
focus of this paper.

Finally, the presented work also relates to the large body of
research efforts related to pricing network resources (e.g., see
[26], [27]). To the best of the authors’ knowledge there has
been no prior work addressing pricing or demand regulation in
multimedia mobile clouds. In addition, an analytical model is
provided in this paper to set the tariffs that maximize the service
provider revenue.

III. SYSTEM DESCRIPTION

The system we consider in this paper is a multimedia mobile
cloud constituted by mobile devices slowly moving in the same
limited area. We assume that all mobile devices are in proximity
within each other, that is, each device can be reachable with a
single wireless hop from all the other mobile devices. Exam-
ples of application are transmissions of multipoint multimedia
information in airports, museums, trains, football stadium and
conference rooms. The system is sketched in Fig. 1. It is
constituted by a set of cooperating devices connected to each
other directly or in a multi-hop fashion by an overlay network
of point-to-point wireless links (e.g. IEEE 802.11 Wi-Fi links),
with the purpose of bandwidth increasing and energy saving

for both mobile devices and cellular network operators. It is
realized assigning the role of mobile cloud head to one of
the mobile nodes that are available to connect to the Internet
through a cellular link and share it with the other devices, in
exchange for some incentive whose definition is out of the
scope of this paper. This role can be passed among mobile
nodes in a round-robin fashion.

To be able to control the end-to-end delay, each mobile cloud
is realized with a tree-structured overlay network topology [15],
[28] with a limit number of nodes to statistically guarantee
QoS. If the number of users in the same area is greater than
the maximum number that can be accommodated by a mobile
cloud, users are assigned to different clouds.

According to the proposed business model, two classes of
service are allowed: users subscribed to the first service class, in
exchange for a lower tariff, provide the network with bandwidth
resources, allowing forwarding to other nodes. Since users
belonging to this class can be located as intermediate nodes in
the tree topology and have children in the tree structure, we will
refer to them as fertile nodes. Nodes of this class are devices
with battery capacity sufficient to support packet forwarding to
their children in the tree. Of course, the cloud head belongs to
this class.

Users subscribed to the second class, on the other hand,
do not provide other users with some resources, but accept a
higher service price. Therefore they can only be leaves in the
tree topology. For this reason they will be referred to as sterile
nodes.

The maximum number of children that each fertile node
can support, in the following indicated as F , is an important
system parameter that strongly influences the topology. Since
the upload bandwidth of each fertile node is divided to its F
children, F is limited by the minimum bandwidth that has to be
guaranteed to each node of the mobile cloud. For the sake of
simplicity, in the following we will consider mobile nodes with
the same transmission bandwidth on the wireless link. This case
can be easily extended to remove this assumption.

Another main topology parameter, that is important to match
the delay requirements, is the maximum number of levels of the
tree, which impacts the maximum distance between a mobile
node and the mobile cloud head. We will indicate this parameter
as L. The range of L is limited by delay requirements. In fact,
using statistical measures, it is possible to derive the probability
density function (pdf) of the delay from the mobile cloud head
to a mobile node located in the generic level l of the tree
distribution topology. Therefore, given a delay threshold T̃s, it
is possible to evaluate the probability Ps that the delay of a
generic mobile node from the mobile cloud head exceeds T̃s,
and the upper bound of the parameter L is chosen so that this
probability Ps is below a certain threshold P̃s.

Given that the considered system aims at statistically guar-
anteeing quality, the proposed tree management protocol needs
a policy for mobile node admission. Borrowing from classical
network literature [6], we will refer to it as mobile node
admission control (MNAC). When a new node wants to enter
the cloud, it has to issue an admission request to the Cloud
Admission Controller. The role of cloud admission controller
can be assigned to the current mobile cloud head.
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When a fertile node requests admission, it is accepted if there
is some room available in the tree. More specifically, when
a fertile node makes an admission request, it will be located
in the level nearest to the mobile cloud head with some room
not occupied by fertile nodes. If the level nearest to the mobile
cloud head which does not contain only fertile nodes is full (i.e.,
it contains at least one sterile node), one of the sterile nodes in
this level is randomly chosen, substituted with the new fertile
node, and reinserted in the best position available for sterile
nodes. If no room is available to accommodate this sterile node,
the request issued by the fertile node is rejected.

A sterile node, on the other hand, will only be inserted in the
tree if there is some empty room; specifically, it will be inserted
in the level closest to the mobile cloud head with some room
available.

As far as node departures are concerned, management of ster-
ile node departure is very easy, since this does not cause any tree
modification. On the contrary, when a fertile node leaves the
system, its sterile children and all the sub-trees whose root is a
direct child of the leaving node have to be reinserted in the tree.
The reinsertion process is carried out in such a way to minimize
tree topology variations. Specifically, it is realized as follows:

• the sub-trees of the leaving node are inserted, one by one,
starting from the deepest one, and positioning their roots
following the accommodation rules illustrated so far for
new fertile nodes; the structure of the sub-tree is preserved
for the ones that are able to enter the tree completely;

• if this is not the case for some of them, their structure is
preserved up to the last level that can be accommodated.
Let us indicate this level as Lacc. The rest of the sub-tree is
further split into sub-trees whose roots are the fertile nodes
in the highest unaccommodated level, i.e., in the level
Lacc + 1; these sub-trees are accommodated following the
rules described so far, and this procedure is repeated until
all the fertile nodes are accommodated. Let us observe
that, during the tree rearrangement process caused by the
departure of a fertile node, all its fertile descendants will
be able to find a room in the tree. In fact a fertile node
cannot be accommodated in the tree only if the tree is full
of fertile nodes, and this is not the case because the leaving
node leaves at least one free place in the tree.

• then all the sterile nodes not accommodated in the previous
step are inserted, one by one. More specifically, they are:

• the direct sterile children of the leaving fertile node;
• the sterile nodes preempted by the roots of the sub-

trees inserted in the previous step;
• the sterile nodes in the highest of the unaccommo-

dated level Lacc + 1 during each sub-tree insertion.

Since some time is needed to reorganize the tree after a
node arrival or a node departure, some loss of information
can occur. It can be avoided by using playout buffers at the
destination nodes. Interested readers can refer to [29] for
possible techniques to manage this matter.

The described approach can cause the rejection of some
admission requests made by both fertile and sterile nodes,
and service interruption for those sterile nodes descendants of
a leaving fertile node which cannot be accommodated after

the re-accommodation process. These QoS parameters will
be considered in the following to design the mobile cloud
configuration parameters L and F .

Let us point out that the presence of the Cloud Admission
Controller does not constitute a bottleneck because its goal is
only to coordinate the network topology. Multimedia content
flows through the mobile nodes and does not constitute any load
for the Controller.

IV. SERVICE PROVIDER BUSINESS MODEL

In this section we will define a business model for the Service
Provider, accounting that both fertile and sterile nodes play a
fundamental role for both the mobile cloud life and the Provider
revenue. In fact, while sterile nodes give more direct earnings
to the Provider, fertile nodes allow the network to be extended,
so to accept more sterile nodes.

With all this in mind, the Service Provider revenue G can
be defined as the product of the following three factors: 1) the
actual mean number of fertile or sterile nodes; 2) the cost per
time unit of the service; 3) the duration of the service. Therefore
we have:

G ≡
Ns ·

(
1− P

(Loss,f→s)
s

)
· cS

λ
(s)
OUT

+
Nf · cF
λ
(f)
OUT

(1)

• Ns · (1− P
(L)
s ) being the actual mean number of ster-

ile nodes present in the system, where Ns is the mean
number of sterile nodes present in the system, and (1−
P

(Loss,f→s)
s ) the probability of a sterile node service is

not interrupted during the topology re-accommodation
process following fertile node departures;

• Nf being the mean number of fertile nodes present in the
system;

• cS and cF being the tariffs applied to sterile and fertile
nodes, respectively;

• (λ
(s)
OUT )

−1
and (λ

(f)
OUT )

−1
being the mean sterile and

fertile node lifetimes, respectively.

In Section V we define an analytical model to provide the
Service Provider with a tool to decide the tariffs cS and cF
maximizing the overall revenue defined in (1), keeping in mind
that, the higher the cost of the service, the smaller the interest
in participating to the service. This concept will be discussed in
deep in the following. The same model will also allow the Ser-
vice Provider to design the parameters F and L, which have a
strong impact on the performance statistically guaranteed to the
mobile cloud users, and therefore to their grade of satisfaction
and, finally, indirectly, on the Service Provider revenue.

V. SYSTEM MODEL

In this section we define an analytical model of the mul-
timedia mobile cloud for multicast streaming described in
Section III. The target of the model is to assist cloud managers
to design the main system parameters F and L, and decide the
tariffs of the revenue model.
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The proposed model is a continuous-time Markov chain
which will be described by its infinitesimal generator matrix Q.
Section V-A will introduce some notation and assumptions
which are needed to derive the model. Then, in the same
section, the state of the Markov chain will be defined, and
some observations will be made with the aim of reducing the
state space. Section V-B and C will model the two possible
events determining a state change: mobile node arrival and
mobile node departure, respectively. Finally, Section V-D will
present the definition of the infinitesimal generator matrix, and
calculate the steady-state probability array.

A. Notation, Assumptions, and State Definition

Before defining the analytical model, let us introduce some
notations. Let L be the maximum number of levels in the
mobile cloud tree topology, including the root level of the tree
where the mobile cloud head is located. As said so far, it is a
project parameter, and has to be carefully chosen given that it
has an important impact on system performance. Let us assume
that all mobile nodes accommodate at most F children, that
is, F is the maximum number of branches for each node in
the tree structure. Moreover, let us assume that the arrival and
the departure processes are Poisson distributed [30]. Let λ(f)

IN

and λ
(s)
IN be the arrival rates for fertile and sterile nodes, and

(λ
(f)
OUT )

−1
and (λ

(s)
OUT )

−1
be the mean sterile and fertile node

lifetimes.
The Markov chain state at the generic instant t can be de-

fined as S(t) = (N1(t),Φ1(t), N2(t),Φ2(t), . . . , NL(t),ΦL(t)),
where:

• Nl(t), for each l ∈ {1, . . . , L}, being the total number of
mobile nodes in the generic level l at the instant t;

• Φl(t), for each l ∈ {1, . . . , L}, being the number of fertile
nodes in the generic level l at the instant t.

Let Y be the state space of this Markov chain. In the
following we will evaluate the evolution from the generic state
s(i) = (n

(i)
1 , f

(i)
1 , n

(i)
2 , f

(i)
2 , . . . , n

(i)
L , f

(i)
L ) to the generic state

s(j) = (n
(j)
1 , f

(j)
1 , n

(j)
2 , f

(j)
2 , . . . , n

(j)
L , f

(j)
L ) after the following

possible events: fertile and sterile node arrivals (Section V-B);
fertile and sterile node departures (Section V-C).

The state space of the Markov chain may appear explosively
growing with the values of L and F . However, its component
variables are linked to each other and they cannot take just any
value. This produces a notable state space reduction. Below we
will present some rules defining the interdependence among the
above component variables:

1) The number of fertile nodes in each level cannot be
greater than the total number of mobile nodes in the same
level, that is, Φl(t) ≤ Nl(t), ∀ l ∈ {1, . . . , L}.

2) The number of fertile nodes in the first level of the tree is
equal to 1, that is, N1(t) = 1 and Φ1(t) = 1.

3) Given that only fertile nodes can have children, the total
number of mobile nodes in the generic level l cannot be
greater than the number of fertile nodes in the upper level,
multiplied by the maximum number of children, F , that
is, Nl(t) ≤ F · Φl−1(t), ∀ l ∈ {2, . . . , L}.

B. Mobile Node Arrival Model

Here we model the mobile node arrival event. Let us note that
two possible kinds of arrivals can occur: sterile and fertile node
arrivals. They can only be accepted if the conditions described
in Section III are verified.

Sterile Node Arrival: As described in Section III, a new
sterile node can only be accepted in the network if some room
is available in the tree. Therefore, the sterile node acceptance
condition is:

A sterile node is accepted if
∃l such that : Nl(t) < F · Φl−1(t). (2)

In this case, the sterile node is inserted in the level l̃ =
minl{Nl(t) < F · Φl−1(t)} and the total number of mobile
nodes in the level l̃ increases by 1, that is, n(j)

l̃
= n

(i)

l̃
+ 1.

Fertile Node Arrival: Let us now define the fertile node ac-
ceptance condition. As we presented in Section III, an entering
fertile node can be accepted in the system only if there is a
fertile node with free space on its branches, or if in a level
l �= L there is some sterile node to be moved down in the tree.
Therefore an entering fertile node can be accepted in a level
l ∈ {2, . . . , L− 1} only if the number of fertile nodes in this
level is less than the total number of mobile nodes that can be
accommodated by the fertile nodes in the level l − 1. Moreover,
if all levels l in {2, . . . , L− 1} are totally full of fertile nodes
but the last level L of the tree is not full, the entering fertile node
will be inserted in this level. So, the fertile node acceptance
conditions are:

A fertile node is accepted if one of the
following conditions is true :

a) ∃l ∈ {2, . . . , L− 1} such that : Φl(t) < F · Φl−1(t)
b) Φl(t) = F · Φl−1(t) ∀ l ∈ {1, . . . , L− 1}

and NL(t) < FL−1. (3)

When condition a) in (3) is true, the fertile node enters
the highest level l̃ where the number of fertile nodes is not
maximum, that is, l̃ = minl∈{1,...,L−1}{Φl(t) < F l−1}. If the
true condition in (3) is b), the fertile node is inserted in the level
L, that is, l̃ = L.

To evaluate the state evolution, we have to distinguish be-
tween two different cases:

1) the entering fertile node does not preempt a sterile node,
i.e. in the level l̃ − 1 there are some mobile nodes which
are able to accommodate children, that is, Nl̃(t) < F l̃−1;
in this case the arriving node will be inserted as a child
of one of them, and therefore the state variable evolves as
follows:

n
(j)

l̃
= n

(i)

l̃
+ 1 and f

(j)

l̃
= f

(i)

l̃
+ 1 (4)

2) in the level l̃ ∈ {2, . . . , L− 1} where the entering mobile
node has to be accommodated there is no free room, so a
sterile node has to be preempted. In this case the entering
fertile node will substitute a sterile node, and the latter
has to be reinserted into the tree. Let us note that, the
preempted sterile node will find the new position in the
tree in the level l̃ + 1, given that the new accepted fertile
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node creates room for F children. Therefore the state
variable evolves as follows:{

n
(j)

l̃
= n

(i)

l̃
f
(j)

l̃
= f

(i)

l̃
+ 1

n
(j)

l̃+1
= n

(i)

l̃+1
+ 1.

(5)

C. Mobile Node Departure Model

Let us now model the departure of a mobile node. To this
end we have to distinguish between sterile node and fertile node
departures.

Sterile Node Departure: A sterile node departure can happen
in the levels where some sterile node is present, i.e. where
Nl(t) > Φl(t). So, if the leaving sterile node was in the generic
level l̂, with n

(j)

l̂
> f

(i)

l̂
, the state variable evolves as follows:

n
(j)

l̂
= n

(i)

l̂
− 1. (6)

Fertile Node Departure: To describe the fertile node de-
parture event we will introduce further notation to explicitly
represent the tree structure. First let us note that the generic
level l can accommodate at most F l−1 nodes, occurring in the
case in which the upper level, l − 1, is completely full with
fertile nodes.

The position of a generic node in the tree can be identified by
the pair (l, z), where l ∈ {1, . . . , L} represents the level of the
tree occupied by the node, and z ∈ {1, . . . , F l−1} its position
in this level. Moreover the state of the generic position (l, z)
can be represented by a ternary variable defined as follows:

βl,z =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

0 if the position z at the level l is empty
1 if the position z at the level l contains a

sterile node
2 if the position z at the level l contains a

fertile node.

(7)

Therefore a tree structure B with a maximum length L and a
maximum number of children per node F can be exhaustively
represented by the set B = {βl,z}, for each l ∈ {1, . . . , L} and
for each z ∈ {1, . . . , F l−1}.

Now, given a tree structure B = {βl,z}, let us consider
the sets of the positions of all nodes and all fertile nodes,
respectively, which are present in the level l of B:

Ω
(B,All)
l =

{
(l, z) : βl,z �= 0, ∀ z ∈ {1, . . . , F l−1}

}
and

Ω
(B,Fertile)
l =

{
(l, z) : βl,z=2, ∀ z ∈ {1, . . . , F l−1}

}
. (8)

Let us indicate the number of elements in these sets as gl and
hl, respectively. We will say that the tree structure B = {βl,z}
is consistent with the state s(i) if, for each level of the tree
structure B, the number of fertile nodes and the total number
of nodes are respectively equal to the number of fertile nodes
and the total number of nodes specified by the state s(i) in the
same level, that is, if gl and hl are linked to the component l of
the state variable s(i) by the following relationships:

gl = n
(i)
l and hl = f

(i)
l ∀ l ∈ {1, . . . , L}. (9)

Now let us define the state evolution after a mobile node de-
parture. Let s(i) be the starting state, and p be the leaving node.
For each tree structure B′ consistent with the starting state s(i),
the arrival state s(j) and the number of unaccommodated sterile
nodes αs,out after both the departure of the fertile node p from
the tree structure B′ and the subsequent tree re-organization can
be calculated as follows:

(s(j), αs,out) = Γ(F_DEP−GLOBAL)(p,B′) (10)

where the function Γ(F_DEP−GLOBAL)(p,B′) is derived
in [31].

D. Markov Chain Definition

To define the Markov chain describing the evolution of the
mobile cloud tree topology, let us calculate its infinitesimal
generator, Q.

To this end, let us consider two generic states belonging
to the state space Y: s(i) = (n

(i)
1 , f

(j)
1 , n

(i)
2 , f

(i)
2 , . . . , n

(i)
L , f

(i)
L )

and s(j) = (n
(j)
1 , f

(j)
1 , n

(j)
2 , f

(j)
2 , . . . , n

(j)
L , f

(j)
L ). They repre-

sent the starting and arrival states of a generic transition. The in-
finitesimal generator can be calculated taking into account that
four possible events can modify the Markov chain state: sterile
and fertile node arrivals, occurring with frequencies of λ

(s)
IN

and λ
(f)
IN , respectively, and sterile and fertile node departures,

occurring with frequencies of λ
(s)
OUT and λ

(f)
OUT , respectively.

So the generic element of the infinitesimal generator is:

Q[s(i),s(j)] =

⎧⎨
⎩
γ
(
s(i), s(j)

)
if s(i) �=s(j)

−
∑

s(m)∈Y\{s(i)}
Q[s(i),s(m)] if s(i)=s(j) with

γ
(
s(i), s(j)

)
=λ

(s)
INδ

(s)
IN

(
s(i), s(j)

)
+λ

(f)
INδ

(f)
IN

(
s(i), s(j)

)

+λ
(s)
OUT δ

(s)
OUT

(
s(i), s(j)

)
+λ

(f)
OUT η

(f)
OUT

(
s(i), s(j)

)
(11)

where:
• δ

(s)
IN (s(i), s(j)) is the indicator function of the feasibility of

a transition from the state s(i) to the state s(j) for a sterile
node arrival. It can be defined by taking into account that
an arriving sterile node is accepted in a level l̄ if the level
l̄ is the first level where some free room is available. In
this case the number of nodes in the level l̄ is increased by
one, while the number of fertile nodes remains the same.
Therefore:

δ
(s)
IN

(
s(i), s(j)

)

=

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

1 if ∃l :

⎡
⎢⎢⎣
n
(i)
l = F · f (i)

l−1 ∀ l < l

n
(i)

l
< F · f (i)

l−1(
n
(j)

l
, f

(j)

l

)
=

(
n
(i)

l
+ 1, f

(i)

l

)
⎤
⎥⎥⎦

0 otherwise.

(12)
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In the above definition, for the sake of conciseness, we have
emphasized only the state variables subject to changes. The
same will be done hereafter.

• δ
(f)
IN (s(i), s(j)) is the indicator function of the feasibility of

a transition from the state s(i) to the state s(j) for a fertile
node arrival. It can be defined by taking into account that
an arriving fertile node is accepted in the level l̄ in three
different cases:

A. the fertile node enters a level with some free room;
this happens if the level l̄ is the first level where some
room is available;

B. the fertile node enters the system throwing out a
sterile node that can be reinserted in the tree; this
happens if the accepting level l̄ is different from L
and is a full level, but it is the first level with a sterile
node; in this case the sterile node is accommodated
as a child of the new fertile node;

Therefore we have:

δ
(f)
IN

(
s(i), s(j)

)
=

{
1 if condition A is TRUE

or condition B is TRUE
0 otherwise

(13)

where:

condition A

∃ l ∈ [2, L] :

⎡
⎢⎢⎣
f
(i)
l = F l−1 ∀ l < l

n
(i)

l
< F l−1(

n
(j)

l
, f

(j)

l

)
= (n

(i)

l
+ 1, f

(i)

l
+ 1)

⎤
⎥⎥⎦

condition B

∃ l ∈ {2, . . . , L− 1} :

⎡
⎢⎢⎢⎢⎢⎣

f
(i)
l = F l−1 ∀ l < l

n
(i)

l
= F l−1 and f

(i)

l
< F l−1(

n
(j)

l
, f

(j)

l

)
=

(
n
(i)

l
, f

(i)

l
+ 1

)
(
n
(j)

l+1
, f

(j)

l+1

)
=

(
n
(i)

l+1
+ 1, f

(i)

l+1

)

⎤
⎥⎥⎥⎥⎥⎦

(14)

• δ
(s)
OUT (s

(i), s(j)) is the indicator function of the feasibility
of a transition from the state s(i) to the state s(j) for a
sterile node departure. It can be defined by taking into
account that a sterile node departure can happen in the
level l̄ if, of course, this level contains at least one sterile
node. In this case the number of mobile nodes in the level
l̄ is decreased by one, while the number of fertile nodes
remains the same. Therefore:

δ
(s)
OUT

(
s(i), s(j)

)

=

⎧⎪⎨
⎪⎩

1 if ∃l : n
(i)

l
> f

(i)
l and(

n
(j)

l
, f

(j)

l

)
=

(
n
(i)

l
− 1, f

(i)

l

)
0 otherwise

(15)

• η
(f)
OUT (s

(i), s(j)) is the transition probability from s(i) to

s(j) after a fertile node departure. To calculate η
(f)
OUT ×

(s(i), s(j)) we indicate the set of all the tree structures con-
sistent with the states s(i) and s(j) as Λ(s(i)) and Λ(s(j)),
respectively. Let B′ ∈ Λ(s(i)) and B′′ ∈ Λ(s(j)) be two
structures consistent with the states s(i) and s(j), respec-

tively. According to the Markov chain state aggregation
theory [26], the probability of a transition from the state
s(i) to the state s(j) can be calculated as a function of the
probabilities of transition between all the tree structures
consistent with s(i) and s(j) as follows:

η
(f)
OUT

(
s(i), s(j)

)
=

∑
B′∈Λ(s

(i))

Prob
{
B′ → s(j)

}
· ν[B′|s(i) ]

∀ s(i), s(j) ∈ Y (16)

1) Prob{B′ → s(j)} being the probability of transition
from the tree structure B′ to any tree structure con-
sistent with s(j), after a mobile node departure;

2) ν[B′|s(i)] being the conditional probability that the
tree structure is B′, provided that it is in the state
s(i). Given that all the specific tree structures in the
same state s(i) have the same probability, we have:

ν[B′|s(i) ] =
1

N(s(i))
(17)

where N (s(i)) is the number of tree structures consis-
tent with the state s(i).

Finally, indicating the set of fertile nodes in the tree structure
B′ as Ψ(B′,Fertile), and applying the theorem of total proba-
bility over all the possible fertile nodes that can leave the tree,
we have:

η
(f)
OUT

(
s(i), s(j)

)
=

∑
B′∈Λ(s(i))

∑
p∈Ψ(B′,Fertile)

Prob
{
p leaves the tree, B′→s(j)

}
· ν[B′|s(i) ]
=

∑
B′∈Λ(s(i))

∑
p∈Ψ(B′,Fertile)

Prob
{
B′→s(j)

∣∣∣p leaves the tree
}

· Prob{p leaves the tree|B′} · ν[B′|s(i) ] (18)

where Prob{p leaves the tree|B′} is the probability that the
generic mobile node p leaves the tree when the tree structure
is B′. Let us note that this probability only depends on the
number of fertile nodes in the tree, and not on the particular
tree structure; therefore we have:

Prob{p leaves the tree|B′} = 1

/
L∑

l=2

f
(i)
l . (19)

Let us note that the term Prob{B′ → s(j)|p leaves the tree}
is a Boolean function which is true only if, after the departure
of the mobile node p when the tree structure is B′, the new tree
structure is consistent with the state s(j). Therefore it can be
calculated as follows:

Prob
{
B′→s(j)

∣∣∣ p leaves the tree
}
=

{
1 if ŝ=s(j)

0 if ŝ �=s(j)
(20)

where ŝ is the result of the function Γ(F_DEP−GLOBAL)(p,B′)
described in [31], as the arrival state reached starting from the
tree structure B′ when the mobile node p leaves the tree.
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Once the matrix Q has been derived, the system steady-state
probability array, whose generic element is π[s] = Prob{S(t) =
s}, can be calculated as the solution of the following linear
system π ·Q = 0, with the condition that the sum of all the
elements of π[s] is equal to 1.

VI. PERFORMANCE ANALYSIS

In this section we use the steady-state probability array de-
rived in the previous section to evaluate the main performance
indices of the mobile cloud being considered. According to
the previous notation, let us indicate the generic state of the
system as s = (n1, f1, . . . , nL, fL) and its state probability as
π[s]. More specifically, in the following we will evaluate the
main QoS parameters regarding the number of mobile nodes in
the cloud (Section VI-A), the mobile node rejection probability
and the sterile node interruption probability due to the departure
of a fertile node (Section VI-B), and the delay from the mobile
cloud head (Section VI-C).

A. Number of Mobile Nodes in the Network

The first parameters we evaluate regard the number of mobile
nodes present in the mobile cloud besides the mobile cloud
head, at a generic instant, considering all of them, fertile and
sterile, separately. Specifically, the probability density function
(pdf) of the total number of mobile nodes in the cloud can be
evaluated as follows:

ϕNAll
(ρ) = Prob{ρ peers} =

∑
s∈Y

π[s] · δ(All)
ρ (s)

where δ(All)
ρ (s) =

{
1 if

L∑
l=2

nl = ρ

0 otherwise.

(21)

The function δ
(All)
ρ (s) is the indicator function of the states

where the total number of mobile nodes is equal to ρ. The pdfs
of the number of fertile and sterile nodes can be calculated
likewise:

ϕNf
(ρ) = Prob{ρ fertile peers} =

∑
s∈Y

π[s] · δ(f)ρ (s)

ϕNs
(ρ) = Prob{ρ sterile peers} =

∑
s∈Y

π[s] · δ(s)ρ (s) (22)

where δ
(f)
ρ (s) and δ

(s)
ρ (s) are defined as follows:

δ(f)ρ (s) =

{
1 if

L∑
l=2

fl = ρ

0 otherwise

and

δ(s)ρ (s) =

{
1 if

L∑
l=2

(nl − fl) = ρ

0 otherwise.

(23)

The pdfs derived in (21) and (22) can be used to calculate
the mean values of the number of fertile and sterile nodes in the
cloud.

B. Mobile Node Rejection and Interruption Probabilities

Another important set of performance parameters regards
mobile node admission control policy. In fact, as described in
Section III, the tree management mechanism has been defined
so as to guarantee a limit to the distance from the mobile cloud
head. However, for this reason, loss of mobile nodes is possible.
So we calculate the following probabilities:

• Fertile node admission rejection probability, P (Rej)
f

• Sterile node admission rejection probability, P (Rej)
s

• Sterile node interruption probability, due to a fertile node
departure, P (L)

s

Using the Poisson Arrivals See Time Averages (PASTA)
property of Poisson processes [32], they can be calculated as
follows:

P
(Rej)
f =

∑
s∈S(Full)

π[s] P (Rej)
s =

∑
s∈S(RejS)

π[s]

P (L)
s =

∑
s∈S(Loss,f→s)

π[s] (24)

where:

• S(Full) is the set of states where all the room in the levels
{1, . . . , L− 1} is occupied by fertile nodes, and the last
level is completely occupied by either fertile or sterile
nodes; this state is characterized by nl = fl = F l−1, for
each l ∈ {1, . . . , L− 1} and nL = FL−1;

• S(RejS) is the set of states where no room is available for
sterile nodes, that is, the number of nodes (both sterile
and fertile) in any level is equal to the maximum number
of nodes that can be accommodated. Therefore, we have
S(RejS) = {s : nl = F · fl−1 ∀ l ∈ {2, . . . , L}}.

• S(Loss,f→s) is the set of states where a sterile node cannot
be reinserted in the tree after a fertile node departure.

C. Mobile Node Position in the Tree and Delay Statistics

In this section we derive another important set of parameters
regarding the position of each mobile node in the tree, with
the aim of providing an estimation of the delay between the
mobile cloud head and each mobile node. To this end first we
will derive the probability distribution of the position occupied
by a generic fertile node, here indicated as target fertile node
(TFN). More specifically, the pdf of its position is:

ϕ
(Pos)
f (l′) = Prob{TFN is at level l′|Nf �=0}

=

∑
s∈Y

Prob{TFN is at level l′|S(t)=s} · π[s]

1−Prob{Nf = 0} (25)

where l′ represents the level occupied by TFN, and Nf rep-
resents the number of fertile nodes in the tree. We consider
the case l′ ∈ {2, . . . , L} because we are analyzing the distance
from the node in the first level of the tree.
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The term Prob{TFN is at levell′|S(t) = s} can be calculated
as the number of fertile nodes in the level l′ over the total
number of fertile nodes, that is:

Prob {TFN is at level l′ |S(t) = s}

=

{
fl′

/
L∑

l=2

fl if
L∑

l=2

fl �= 0

0 otherwise.

(26)

Likewise, the pdf of the position occupied by a generic sterile
node, here indicated as target sterile node (TSN), is:

ϕ(Pos)
s (l′) = Prob{TSN is at level l′|Ns �=0}

=

∑
s∈Y

Prob{TSN is at level l′|S(t)=s} · π[s]

1−Prob{Ns=0} (27)

where the term Prob{TSN is at level l′|S(t) = s} can be calcu-
lated as follows:

Prob {TSN is at level l′|S(t) = s} =
nl′ − fl′

L∑
l=2

(nl − fl).

(28)

The terms Prob{Nf = 0} in (25) and Prob{Ns = 0} in (27)
can be calculated from the pdfs in (22), using ρ = 0.

Finally, using ϕ
(Pos)
f (l′) and ϕ

(Pos)
s (l′), we can calculate the

pdf of the delay of a fertile or sterile node from the mobile cloud
head:

ffertile_peer(t) =

L∑
l′=2

fl′(t) · ϕ(Pos)
f (l′)

fsterile_peer(t) =

L∑
l′=2

fl′(t) · ϕ(Pos)
s (l′) (29)

where fl′(t) is the pdf of the delay from the tree root of a
mobile node in the generic level l′ ∈ {2, . . . , L}. If fone_link(t)
is the pdf of the delay between two directly connected mobile
nodes considering both the delay suffered by the transmission
buffer of the sender node and the propagation delay between
the sender and the receiver node (assumed as a problem input),
fl′(t), in the generic level l′ ∈ {3, . . . , L}, can be calculated as:

fl′(t) =

{
fone_link(t) l′ = 2
fl′−1(t) ∗ fone_link(t) l′ ∈ {3, . . . , L}. (30)

VII. MODEL ACCURACY EVALUATION

Let us evaluate the accuracy of the proposed model. To
this aim we implemented an event-driven simulator of our
protocol and compared the pdfs calculated by the analytical
model against the ones obtained with the simulator. To use
real data patterns, we launched our simulations with real arrival
and departure traces captured observing the behavior of people
using smart phones in some areas of the Fiumicino—Leonardo
da Vinci Airport in Rome. The average values of the above

Fig. 2. QQplot of the pdf of the number of mobile cloud nodes.

Fig. 3. Popup used in the survey.

traces, λIN = 12 arr/min and (λOUT )
−1 = 5 min, were used

as input parameters in the analytical model for comparison with
simulation.

The comparison is done using a QQplot. For the sake of
brevity in Fig. 2 we show the model accuracy results for the
most representative system parameter, the number of mobile
nodes in the network, considering the following network pa-
rameters: F = 4 and L = 4. The model accuracy was also
tested with a different people behavior trace, with λIN =
3 arr/min and with the same mobile node value of (λOUT )

−1 as
in the previous case, and for other two values of F : F = 2 and
F = 3. The results of these further tests were reported in [31]. It
is important to stress that the model has been demonstrated to be
accurate in capturing statistics of all the other model variables.

VIII. NUMERICAL RESULTS

In this section we evaluate the mobile cloud performance
using the analytical model presented so far, and apply the model
to derive the mobile node tariffs that maximize the service
provider revenue. To this end we carried out a survey (Fig. 3
shows the popup we have used to propose the survey) in a
community of 3000 mobile users of Skype, chosen as a rep-
resentative example of a real-time multimedia application. The
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Fig. 4. Arrival rates estimated through the survey.

TABLE I
MOBILE CLOUD CAPACITY VS. L AND F

representative sample was composed by students or workers
belonging to the SME (Small and Medium Enterprise) sector.
More specifically we asked every community member entering
the service to express his preference between three possible
conditions:

• paying a cheap tariff, cf , but providing bandwidth to the
system (access the system as a fertile node);

• paying a full tariff cs > cf , but providing no bandwidth to
the system (access the system as a sterile node);

• renouncing to join the service.

The values cf and cs express the tariffs of the service in price
units for fertile and sterile nodes, respectively. For example, in
our survey we used a price unit (PU) of 1 euros cent/min. The
survey was repeated several times. Each time, one week long,
we proposed the same value of cf (cf = 1 PU) and different
values of cs(cs ∈ {2, . . . , 7} PU). At the end of the survey
we obtained an estimation of the mean fertile and sterile node
arrival rates, λ(f)

IN and λ
(s)
IN , as the ratio between the number

of users accepting to enter the system respectively as fertile or
sterile nodes, and the duration of the survey. The results of the
survey are shown in Fig. 4 against the sterile node tariff cs.

Now we present a performance analysis, obtained by using
the model proposed so far. In our analysis we consider the
fertile and sterile node arrival rates λ

(f)
IN and λ

(s)
IN derived

from Fig. 4 for each value of the sterile node tariff cs, and
cf = 1. The fertile and sterile node departure rates are λ(f)

OUT =

λ
(s)
OUT = 0.25 departures/min.
Our first target is to evaluate the impact of the network

parameters F and L. They determine the so-called mobile cloud
capacity, defined as the maximum number of mobile nodes,
besides the mobile cloud head, that the network can accom-
modate simultaneously. Its value is given by C =

∑L
l=2 F

l−1

(see Table I).

Fig. 5. Mean number of fertile nodes vs. the sterile node tariff cs, for cf = 1.

As discussed in Section III, the parameter F cannot assume
too high values because determines the forwarding bandwidth
to each children in the topology tree, that is calculated as the
total uplink bandwidth given by the WiFi interface divided by
F . The other important parameter that can be used to increase
the cloud capacity is L. Let us note that L cannot be increased
too much as well because high values of L could produce high
values of the delay from the mobile cloud head in the deepest
levels of the tree.

Keeping in mind these remarks, in our analysis we con-
sidered two different values of F (F = 3 and F = 4) and
three different values of L (L = 4, L = 5 and L = 6). Table I
summarizes the values of the mobile cloud capacity C in the
considered scenarios.

Fig. 5 represents the mean number of fertile nodes calculated
from the pdfs defined in (21) and (22) for the considered values
of F and L. In this figure we notice an increase of the mean
number of fertile nodes when cs increases, and this behavior
is more evident in the middle range of cs, and for higher
values of the mobile cloud capacity. This is due to the fact that,
according to Fig. 4, the fertile arrival rate λ

(f)
IN increases when

the sterile node tariff cs increases because, for high values of cs,
most of the mobile nodes prefer to enter the system as fertile
node, paying more in bandwidth than in money. In addition
let us note that, when the mobile cloud capacity is low, i.e.
in the cases L = 4 and F = 3, L = 4 and F = 4, L = 5 and
F = 3, the mean number of fertile nodes becomes almost flat;
in these cases, in fact, for high values of λ

(f)
IN , the tree tends

to be often full, that is, the number of fertile nodes is very
close to its maximum value, coinciding with the mobile cloud
capacity.

The mean number of sterile nodes vs. cs is shown in Fig. 6.
It confirms that the system behaves in two different ways
according to the mobile cloud capacity. More specifically this
parameter presents a prevalently monotonic decreasing trend
only for low values of the mobile cloud capacity. In these cases,
in fact, the tree saturates even for low values of the fertile node
arrival rate, and the admission of sterile nodes when fertile node
arrival rate increases, becomes rare; therefore the mean number
of these mobile nodes decreases when cs, and therefore λ

(f)
IN ,

increases.
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Fig. 6. Mean number of sterile nodes vs. the sterile node tariff cs, for cf = 1.

Fig. 7. Rejection probability of fertile nodes vs. the sterile node tariff cs,
for cf = 1.

Let us now consider the curves in Fig. 6 for high values of
the mobile cloud capacity. In these cases the mean number of
sterile nodes presents a non-monotonic trend. More specifically,
when the tree is not saturated by fertile nodes (i.e. for low values
of cs), an increase of the number of fertile nodes provides
the network with more resources, increasing the possibility of
sterile nodes being accepted. The decreasing trend for high
values of cs, on the contrary, is obvious and is due to the tree
saturation when the fertile node arrival rate becomes high (as
discussed in the cases of low mobile cloud capacity).

Fig. 7 presents the admission rejection probability for an
entering fertile node. As we can see from this figure, this proba-
bility grows when cs (and therefore the fertile node arrival rate)
grows, being acceptable for fertile node arrival rates belonging
to the low- and medium-load conditions; the same probability
is very close to the unity when the system is overloaded. The
figure also shows that, as expected, the fertile node admis-
sion rejection probability decreases with the increase of the
mobile cloud capacity. This figure highlights the work of the
proposed mobile node admission control mechanism, that has
in charge to maintain the system behavior stable to allow real-
time interactions, guaranteeing required performance to the
accepted nodes.

Fig. 8. Rejection probability of sterile nodes vs. the sterile node tariff cs, for
cf = 1.

Fig. 9. Mean end-to-end delay for fertile nodes vs. the sterile node tariff cs,
for cf = 1.

Fig. 8 presents the rejection probability for sterile nodes. As
we can see from the figure, the behavior of the admission re-
jection probability for low and high values of the mobile cloud
capacity are very different from each other. More specifically,
for low values of the mobile cloud capacity, the system rarely
accepts sterile nodes, independently of the values of cs, due
to the network saturation by fertile nodes. On the contrary,
for high values of the mobile cloud capacity, the network is
not saturated by fertile nodes and the sterile node admission
rejection probability decreases with the increase of the fertile
node arrival rate due to the increase of cs.

Figs. 9 and 10 present the mean delay of a generic fertile
node and sterile node from the cluster head, calculated from
the pdfs in (29), using an experimentally-measured one-link
pdf fone_link(t) with a mean value of 9 ms. As we can see,
the mean delay increases when the sterile node tariff increases
because a higher value of cs determines that the number of
fertile nodes in the network increases; therefore the network
availability for new entering sterile or fertile nodes grows and
the depth of the distribution tree increases. Moreover, from the
above figures we observe that, as expected, fertile nodes have a
lower delay from the cluster head than sterile nodes.
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Fig. 10. Mean end-to-end delay for sterile nodes vs. the sterile node tariff cs,
for cf = 1.

Now, to evaluate what happens at each fertile node departure,
let us consider that this event can cause a topology modification
of the mobile cloud and, consequently, all the sub-trees having
the leaving node as their root need to be re-allocated. More
specifically, the following matters have to be accounted:

1) the current topology, and specifically its portion consti-
tuted by the sub-trees of the leaving node, has to be
modified according to the policy specified in Section III;

2) a new parent has to be assigned and communicated to
some of the mobile clients, in particular to the roots of
the sub-trees to be re-allocated;

3) nodes that change their level in the tree suffer a delay
discontinuity that can influence perceived performance.

As described in Section III, the algorithm implemented to
calculate the new topology is run by the Cloud Admission
Controller in a centralized manner, and is very easy. For this
reason neither system performance nor energy consumption are
influenced by its run. As regards the communication of the new
parent to the roots of the sub-trees to be re-allocated, since they
are not many, the overhead introduced by the communication
messages and the time needed to realize this communication
are negligible.

The only matter that has to be considered because influ-
encing system performance is the delay discontinuity suffered
by the nodes that are located at a different level in the new
topology. Although the policy of topology variation after a
node departure aims at minimizing this effect, some nodes can
suffer performance degradation due to this matter. To quantify
it, in Figs. 11 and 12 we have represented the probability
distribution of the level jump for the cases F = 3 and F = 4,
defined as the difference between the levels occupied after and
before a topology variation. For example, a level jump equal
to 1 means that the new position of the node is in a level
that is below the one occupied before the topology variation.
On the contrary, a level jump of −1 means that the node has
been moved up of one level. Of course, a level jump equal
to 0 means that the level of the mobile node has not been
changed during the topology variation. From this figure we can
deduce that the most topology variations cause a level jump not
greater than 1 level, that is only one hop in wireless network

Fig. 11. Level jump probability after a fertile node departure for F = 3.

Fig. 12. Level jump probability after a fertile node departure for F = 4.

Fig. 13. Service provider revenue vs. the sterile node tariff cs, for cf = 1.

topology, i.e. a mean delay variation of 9 ms in our case. The
relative delay discontinuity can be easily compensated by a
delay jitter compensation buffer [33] that, if combined with an
adaptive media playout [34], can further reduce performance
degradation.

Finally, Fig. 13 shows the service provider revenue obtained
according to (1), vs. the considered values of the sterile node
tariff cs. As we can see, as expected, the service provider
revenue increases with the increase of the mobile cloud capacity
(i.e. with an increase of F and L).
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Moreover, let us note that the service provider revenue does
not have a monotonic behavior, and this motivates the appli-
cation of the analytical tool proposed in this paper: the curve
presents a peak for intermediate values of cs, which constitute
the best tariff to be applied to the sterile nodes. The peak is more
evident for higher values of the mobile cloud capacity. In fact,
when the mobile cloud capacity is low, the network is always
full of fertile nodes for all the values of cs; therefore the service
provider revenue does not change when the fertile and sterile
node arrival rates change due to an increase of cs. On the con-
trary, when the mobile cloud capacity is high, the high number
of sterile nodes which can be accepted in the network makes
the provider revenue highly sensitive to the applied tariffs.

From the same Fig. 13, in the case of fertile and sterile node
arrival rates deduced by the survey and shown in Fig. 4, we
can derive an important result for the tariff choice: when the
mobile cloud capacity is sufficient to make system saturation
negligible, the service provider revenue is maximized with a
value of sterile node tariff equal to cs = 4.5.

The proposed model can be used to decide the two main
important system parameters F and L, and the tariffs to be
applied to the service users that maximize the service provider
revenue while respecting a given set of thresholds on perfor-
mance parameters like the rejection probability, the mean delay
and the minimum end-to-end transmission bandwidth. The last
parameter limits the value of F since it is given by C/F , where
C is the littlest WiFi link transmission bandwidth among all
the mobile nodes. More specifically, the following steps can be
followed:

STEP 1: Calculate the rejection probability for each considered
value of node tariff, obtaining results like the ones shown
in Figs. 7 and 8. Taking into account that the rejection
probability

• for both fertile and sterile nodes monotonically de-
creases against the mobile cloud network capacity, i.e.
against the values of F and L;

• for fertile nodes increases with the sterile node
tariff cs;

• for sterile nodes decreases with the sterile node
tariff cs,

it is easy to determine the boundaries of the region of pa-
rameters (F,L, cs) where the rejection probability thresh-
old is respected.

STEP 2: Calculate the mean delay for each considered value of
node tariff, obtaining results like the ones shown in Figs. 9
and 10. Taking into account that the mean delay:

• increases against cs;
• increases against L and decreases against F for cs

greater than a given value, while behaves in the op-
posite way for cs below the above value,

it is easy to determine the boundaries of the region of
parameters (F,L, cs), subset of the region calculated at the
step 1, where the mean delay respects the given threshold.

STEP 3: Calculate the service provider revenue for each con-
sidered value of node tariff, obtaining results like the ones
shown in Fig. 14. Taking into account that the revenue
monotonically increases with the network capacity, it is

TABLE II
SET OF PARAMETERS CALCULATED AT EACH STEP

OF THE SYSTEM DESIGN ALGORITHM

easy to find the set of parameters (F,L, cs) as subset of
the result obtained in step 2, that maximizes the revenue.

For example, assume that the performance requirements are:

• Rejection probability less than 2 · 10−3;
• Mean delay less than 35 ms;
• End-to-end transmission bandwidth greater than 5 Mbit/s.

Assuming that the minimum WiFi link transmission band-
width is of C = 21 Mbit/s, the third requirement is verified
only for F ≤ 4. Running the above algorithm we obtain the sets
listed in Table II, and therefore the best set of parameters that
maximizes the revenue while respecting the above requirements
is the output of the step 3, that is: F = 4, L = 5 and cs = 4.

Of course the presented case is just an example. However,
applying the model at the same way but in different cases allows
Service Providers to decide their business model and network
parameters that maximize their revenue.

IX. CONCLUSION AND FUTURE WORK

This paper proposes a business model to be applied to
delay-constrained multimedia applications in mobile clouds. To
decide the main parameters of the business model and the main
design parameters of the mobile cloud network, an analytical
model has been introduced.

The first planned extension of this work is to improve the
fertile node admission policy to account their transmission
bandwidth, to assign a higher level to nodes with more trans-
mission capacity. As a consequence the business model has
to be modified to apply a tariff depending on the amount of
transmission bandwidth provided by the mobile nodes.

Another possible extension of our work is to manage more
than one mobile cloud, in such a way that mobile devices not
accepted by one cloud or rejected by it can be moved to another
cloud in the same area.

Another extension is to consider mobile clouds with more
than one heads. In this way, if the multimedia streaming source
encodes the stream with a multiple description coding (MDC)
technique, it is possible to create a forest-like topology, where
each tree is used to deliver one description [16], [27]. In this
case the analytical model can be also used to decide the number
of mobile cloud heads that guarantee an acceptable grade of
perceived quality.

Finally, another possible evolution of this work can consist in
considering a pricing policy based on the perceived quality of
the multimedia flow. This will result very interesting in the case
of MDC flows, since perceived quality depends on the number
of descriptions received by each mobile device.
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