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a b s t r a c t

We propose a new system architecture for mobile cloud computing (MCC) that includes a
middle layer sitting between mobile devices and their cloud infrastructure or clones. This
middle layer is composed of cloudlets and is thus called a cloudlet layer. Cloudlets are
deployed next to IEEE 802.11 access points and serve as a localized service point in close
proximity to mobile devices to improve the performance of mobile cloud services. On
top of this new architecture, an offloading algorithm is proposed with the main aim of
deciding whether to offload to a clone or a cloudlet. The decision-making takes into consid-
eration the energy consumption for task execution and the network status while satisfying
certain task response time constraints. We also introduce a data caching mechanism at
cloudlets to further improve the overall MCC performance. Simulation results demonstrate
the effectiveness and efficiency of the proposed system architecture and offloading algo-
rithm in terms of response time and energy consumption.

� 2014 Published by Elsevier B.V.
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1. Introduction

The past few years have witnessed a rapid shift in com-
puting from the desktop to the cloud. To keep pace with
advances in both wireless network technologies and
mobile smart phones, there is an increasing need for provi-
sion of cloud services to mobile users via mobile wireless
networks. This new research field is called mobile cloud
computing (MCC) [1–5]. Because mobile devices, even
modern smart phones, are constrained in size and weight,
their resources for computation and communication are
limited compared to their desktop counterparts [6]. There-
fore, it makes sense to offload heavy mobile applications to
more powerful machines in the cloud. Computing and
70

71

72

73

74
service delivery are possible because of the advanced
sensors built into most mobile phones currently on the
market; these sensors include accelerometers, magnetom-
eters, GPS chips, gyroscopes, and pressure sensors. The
more sensors a device has, the more data need to be ana-
lyzed in various domains at the same time, which accentu-
ates the need for more computational power. One critical
issue in MCC is how battery power for mobile devices
can be spared [7]. One effective approach is to offload some
tasks from the mobile device to a remote cloud server for
execution. This can also potentially reduce the task execu-
tion time because of the power of cloud servers. Kumar and
Lu investigated the power consumption of mobile devices,
including whether offloading can increase battery life [8].
Offloading should only occur when it is beneficial to the
mobile application. Thus, tasks should only be offloaded
to the cloud if the sum of the data transmission cost and
the energy cost is smaller than when the tasks are exe-
cuted locally on the mobile device.
hm for
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We contribute to the exciting MCC research field by
investigating a key problem for mobile application offload-
ing. There is much work being carried out in this area,
which largely falls into two categories: (1) task partition-
ing, which involves dividing an application into offloadable
partition(s) and a local partition [2]; and (2) virtual
machine (VM) selection [9], which involves choosing an
appropriate VM to which to offload a partition. VMs are
the key component of a cloud and they provide virtual
resources such as CPU, memory, storage, and network
interfaces in the same way as physical resources do. One
common element of this research is the assumption that
there is a perfect network connection and sufficient band-
width between a mobile application on a mobile device
and the remote cloud VM. This may not be an unrealistic
assumption for wired networks, for which network band-
width is usually abundant or at least not scarce. However,
this is not the case for wireless networks [10], for which
network bandwidth is not as abundant and a network con-
nection may sometimes not even be available; this is more
of a problem for mobile cellular networks such as 3G.

To address this issue, we use a new network-awareness
perspective: in addition to considering network status
parameters such as bandwidth and delays, we also take
network types into account. We consider two types of
wireless network in this study: IEEE 802.11 (i.e., WiFi)
and mobile cellular networks such as 3G and LTE. These
are the two mainstream wireless technologies that people
interact with on a daily basis. Considering one without the
other is not realistic and leads to a situation in which a
mobile cloud system is not as efficient as it should be. This
consideration is reflected in our proposed MCC system
architecture, in which a middle layer is introduced
between mobile devices and their corresponding cloud
clones. This middle layer, called the cloudlet layer, is
deployed next to WiFi access points (APs) in the proximity
of mobile devices. The aim is to run clone equivalents
named cloudlets in this layer, as illustrated in Fig. 1. The
benefits of this approach are twofold. First, it can take
advantage of the higher bandwidth of WiFi and switch
the network connection from 3G to WiFi. Second, data
caching can be carried out on cloudlets to some extent
for applications such as data downloading from the Inter-
net. 3G networks are typically proprietary and are not open
to MCC service providers, whereas WiFi networks can be
easily deployed. Otherwise, MCC service providers can rel-
atively easily install their offloading software on the home
servers of end users or on gateways next to their home APs.
Our proposed MCC infrastructure is intended for MCC ser-
vice providers rather than network providers or operators.
As a result, our proposed offloading algorithm focuses on
the offloading location (clone or cloudlet) when offloading
a mobile application. By contrast, most of the current liter-
ature on offloading focuses on whether to offload a mobile
application or not. Cloudlets can also be placed next to cel-
lular base stations, as illustrated by the blue line (connect-
ing a mobile device, cloudlet, and clone) in Fig. 1. However,
this issue is beyond the scope of the present study and will
be investigated in future work.

In summary, we propose a new MCC system architec-
ture that contains a cloudlet middle layer above the exist-
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ing cloud server infrastructure. We also propose an
offloading algorithm that decides on where to offload a
given mobile application. The objectives of the offloading
algorithm are twofold: (1) to minimize the service
response time, which is a direct factor of the quality of
experience of cloud end users and (2) to save the battery
life of mobile devices.

In comparison to the existing literature on MCC offload-
ing, we make the following two major contributions:

� We propose a new MCC system architecture with a
cloudlet layer sitting between mobile devices and
their traditional cloud infrastructure or clones.
Cloudlets are deployed next to IEEE 802.11 APs
and serve as a localized service point in close prox-
imity to mobile devices, which improves the per-
formance of MCC services.

� On top of this new architecture, an offloading algo-
rithm decides whether to offload to a clone or a
cloudlet. The decision-making takes into consider-
ation the energy consumption for task execution
and the network status, while satisfying certain
task response time constraints. Note that the
energy efficiency considered here is from the per-
spective of mobile devices rather than the cloud
servers.

The remainder of the paper is organized as follows.
Related work is described in Section 2. Section 3 presents
the proposed MCC system architecture, detailing each
component and their relationships. Section 4 describes
the proposed energy-efficient and network-aware offload-
ing algorithm and an energy model in the context of our
proposed MCC system architecture, and the two types of
wireless network considered. The simulation results and
performance analysis are presented in Section 5. The paper
concludes with Section 6.
2. Related work

Our literature review focuses on the two main contribu-
tion areas: MCC system architecture and offloading
algorithms. Since the core is offloading algorithms the dis-
cussion on MCC system architecture is from the perspec-
tive of offloading support.
2.1. MCC infrastructure for offloading

CloneCloud [3] is an elastic cloud execution framework
for mobile devices. It incorporates automatic static and
dynamic analysis of code at runtime before migration/off-
loading and dynamic profiling to partition applications,
without having to make any changes to the code. Code par-
titioning is at the thread level with fine granularity. This
approach is less scalable because bootstrapping is required
for every new application and only limited execution envi-
ronments and input conditions are considered during off-
line code preprocessing. The Thinkair [4] and Cuckoo [11]
frameworks provide scalable, online, and method-level
code offloading mechanisms with on-demand resource
al., Energy-efficient and network-aware offloading algorithm for
16/j.comnet.2014.06.020
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Fig. 1. Illustration of task offloading with clones and cloudlets.
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allocation [12]. Cuckoo computational offloading is possi-
ble to any resource running a Java VM. Thinkair provides
scalability by connecting to a VM with a pure smart phone
operating system in the cloud for offloading. Thus, it elim-
inates the environmental, input, and output restrictions
placed on offloaded code by other offloading frameworks
such as CloneCloud [3]. The Thinkair execution controller
decides whether a method should be offloaded or not. This
decision is based on information collected by hardware,
software, and network profilers. Thinkair exploits parallel-
ism on the cloud side by allowing the creation, resumption,
and destruction of multiple VMs in the cloud for parallel-
ization. In addition, Thinkair does not choose where the
cloud clone is hosted. The clone host location may affect
the network latency and round trip time, which may have
a negative effect on energy efficiency.

Clone2Clone [13] allows users to create their own clone
in the cloud or to request CloneDS, the Clone2Clone direc-
tory service, to create a clone on their behalf. This intro-
duces a new paradigm in which there is dedicated VM in
the cloud for each mobile device. Clones can form secure
peer-to-peer networks for content sharing, searching, and
distributed code execution. This eliminates the dilemma
of having unpredictable and energy inefficient wireless
networks, considering that clones in the cloud have solid
always-on, high-bandwidth networks. Other mechanisms
can be used to offload computationally heavy tasks to the
cloud [3,4,14,15], for which the architecture is also limited
to networks with low bandwidth and high latency.

CDroid [16] uses another MCC approach in which a
secured tunnel is established between a mobile device
and its cloud clone for all Internet traffic. The cloud clone
appears as a local resource for the mobile device. This
improves web navigation, compression and caching of
Please cite this article in press as: C.M. Sarathchandra Magurawalage et
mobile cloud computing, Comput. Netw. (2014), http://dx.doi.org/10.10
web pages, and blocking unwanted advertising and virus
scanning applications prior to installation. A major draw-
back is that CDroid requires an always-on connection to
the cloud clone and all traffic must go through the clone,
which is not energy-efficient.

VM-based cloudlets [17–19] are decentralized and
widely distributed internet infrastructure components
whose computation and storage resources can be leveraged
by nearby mobile devices. Satyanarayanan et al. empha-
sized the necessity of physical proximity of the cloudlet
to the wireless AP so that mobile devices benefit from only
having to traverse one hop using high-bandwidth, low-
latency wireless networks [17]. Kimberley is the current
reference for cloudlet implementation. It uses two
approaches to introduce the VM state to the infrastructure.
(1) The VM is suspended and its processor, memory, and
disk states are transferred to the cloudlet, then the VM
resumes at the exact point at which it was suspended. (2)
In dynamic VM synthesis, the mobile device delivers a
small VM overlay to the cloudlet infrastructure, which
already possesses the base VM from which this overlay
was derived. Parallelized VMs can be spawned on demand
on the cloudlet side to achieve faster execution. Kimberley
does not consider energy utilization on the mobile side, but
resource-heavy operations can drain the battery of a mobile
device. Device mobility is one of the major cloudlet issues
for mobile users on the move while connected to cloudlets.
Kimberley does not consider this factor. Our proposed
architecture addresses the aforementioned limitations of
Kimberley.

Placement of a number of cloudlets belonging to vari-
ous service providers next to each other can occupy a lot
of space. Collaboration among cloud service providers to
form a coalition for transparent customer service could
al., Energy-efficient and network-aware offloading algorithm for
16/j.comnet.2014.06.020
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lead to broader cloudlet coverage. Niyato et al. used game
theory to model coalitions among cloud service providers
[20].

The MCC architectures described above only consider
the implications of using highly resource-rich computers
on the cloud side when delegating tasks. Recent studies
have investigated the use of other nearby mobile devices
with common interests when offloading computationally
heavy tasks. Nguyen et al. showed that mobility increases
MCC processing capacity [21]. Mobility also affects the per-
formance and resilience of mobile clouds. This means that
addition of even a small number of highly mobile nodes to
a highly localized network can significantly improve the
processing capacity and resilience. The main drawback of
this approach is that the battery life of current mobile
devices is not sufficiently energy-efficient. Cloud clones
inhabit one place at one time, with little regard for mobil-
ity, in contrast to the highly mobile devices they serve.
Hence, a comprehensive investigation of clone placement
and clone migration methodologies is required.

2.2. MCC offloading algorithm

Lin et al. proposed a context-aware algorithm that uses
historical log records to determine whether to offload tasks
or not [22]. The offloading algorithm considers the user
location at a certain time of day when tasks are offloaded
for remote execution. A task is offloaded if the energy con-
sumption of the mobile device when the task was previ-
ously offloaded is lower than when it was executed
locally for the same time of day and the same geographic
location. This approach relies on historical records that
might not be valid for present conditions and could lead
to inaccurate offloading decisions.

Kovachev et al. addressed adaptive computation off-
loading as an optimization problem using integer liner pro-
gramming [23]. This approach considers available memory
and CPU and energy usage as the criteria for offloading. The
algorithm dynamically chooses what services to offload by
solving a new optimization problem each time parameters
such as the available bandwidth and memory change in
the model. The offloading decision model of Wu et al. takes
network unavailability into consideration [24]. The model
uses an application partitioning algorithm, and an offload-
ing decision module intelligently decides on whether to
offload by considering the network availability for remote
execution. The CRoSS algorithm also selects the best host
for offloading according to the link cost [25]. The link cost
includes both the link failure rate and the bidirectional
transmission rate.

In two previous studies on offloading algorithms, band-
width was the only network parameters considered [8,26].
Furthermore, the authors assumed that the same power
consumption is required for sending and receiving data,
but Feeney and Nilsson showed that wireless network
interfaces exhibit a complex range of consumption behav-
iors [27]. Hence, factors such as packet size, the number of
broadcasts, and point-to-point traffic need to be consid-
ered when designing energy-aware offloading protocols.
Wen et al. considered the features of wireless channels
and showed that execution policies depend on the input

 
 

 

Please cite this article in press as: C.M. Sarathchandra Magurawalage et
mobile cloud computing, Comput. Netw. (2014), http://dx.doi.org/10.10
data size and completion deadline for the application, as
well as the wireless transmission model [28].

Clock frequency is an important computing parameter.
The mobile device energy can be optimized by scheduling
the clock frequency via dynamic voltage scaling [29]
because the CPU clock frequency is approximately linearly
proportional to the voltage supply. Another important
issue that is often neglected is multisite offloading. A user
may have connectivity to more than one wireless network
and the mobile device may be within reach of a VM on
each network. In such cases, the mobile device can decide
whether to use two VMs or to offload to only one VM. For
example, there may be cases in which the connected VM
does not have enough resources to complete offloaded
tasks within the set deadline. Thus, the mobile device
may decide to offload code simultaneously to two VMs
on two different wireless networks, such as a WiFi network
and a cellular network. A previous study on multisite off-
loading only considered a graph partitioning approach in
finding a solution to the partitioning problem [30].
3. Proposed offloading architecture

In this section, we describe user issues for conventional
offloading architectures and propose an architecture with
solutions that overcome these issues. We also validate
the solutions.

3.1. Scenarios

A mobile device user may offload code or data to a ded-
icated cloud clone directly. The mobile device communi-
cates with the clone using a cellular network via the
Internet. Because it uses networks with low bandwidth
and high latency, this conventional offloading approach
can be improved.

Because of mobility, device users may lose connectivity
to a cloudlet, but might reconnect to the same cloudlet
later or might connect to a different cloudlet. A user may
also lose connectivity to a cloudlet, but might not recon-
nect to it for a long time. In all these cases, the offloaded
code and data should not be lost during provision of a
seamless service.

3.2. Proposed MCC system architecture

The novel feature of our proposed architecture is that it
comprises two supported layers: a mobile clone cloud and
a cloudlet cloud. Current popular offloading frameworks do
not support both layers simultaneously. Our architecture is
built on the Thinkair framework [4] and is shown in Fig. 2.
Our aim in this paper is only to propose a conceptual
model of the architecture. Its implementation is still ongo-
ing and will be finalized in future work.

A mobile clone is a VM hosted by a public cloud service
provider with an application offloading server (AOS). Every
mobile device is assigned a clone in the cloud for offloading
and caching purposes. Clones can communicate with other
clones and with cloudlets. A cloudlet is a VM hosted by a
resource-rich machine placed next to an AP or a cellular
al., Energy-efficient and network-aware offloading algorithm for
16/j.comnet.2014.06.020
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base station. Cloudlets also hold a type of AOS. They are
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user data.
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3.2.1.1. Cloudlet handler. When a user is in within range of
a cloudlet, the cloudlet handler connects the users mobile
device to the nearest cloudlet. Cloudlets can be placed next
Please cite this article in press as: C.M. Sarathchandra Magurawalage et
mobile cloud computing, Comput. Netw. (2014), http://dx.doi.org/10.10
to WiFi APs and to cellular base stations, so the mobile
device can save energy by only turning on the WiFi inter-
face when it is within reach of a cloudlet under the control
of the cloudlet handler. The handler queries the nearest
mobile base station for the nearest cloudlets. If a cloudlet
is available for connection, the cloudlet handler turns on
the WiFi interface and connects to the cloudlet using a
well-known public IP.

3.2.1.2. Remote execution decision engine. The remote exe-
cution decision engine is the intelligent component of the
mobile offloading framework. It decides on Whether and
Where to offload data. In other words, it decides if an
offloadable block of code (method) annotated by the pro-
grammer should be offloaded (Whether) to a clone or
cloudlet (Where). The embedded algorithm used to make
this decision is presented in Section 4.

3.2.1.3. Dynamic content downloader. Dynamic offloader
downloads are placed in the clone and in the cloudlet.
The downloader downloads input data for tasks when a
mobile device offloads computing tasks through the inter-
net, so that the mobile device does not have to transmit
input data with the code, which saves energy. The input
data are downloaded using the fixed network to which
the clone or cloudlet is connected, as shown by black
arrows in Fig. 2. This module is equipped with a utility that
can be used to download content by providing a URL, such
as GNU Wget [31].

3.2.1.4. Data migration handler. The data migration handler
manages data transmitted between a mobile device and its
clone. Similar to Thinkair [4], the offloading framework on
the mobile device connects to the client handler on the
cloudlet, and the dynamic migration handler connects to
the dynamic object input/output stream on the clone and
the mobile device. The clone handler in the cloudlet can
initiate a session to connect to the client handler in the
al., Energy-efficient and network-aware offloading algorithm for
16/j.comnet.2014.06.020
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clone. The client handler in the cloudlet waits and accepts
new connections from mobile devices. Only mobile device
can be connected to one cloudlet at any instant. If WiFi
coverage fluctuates, the connection to a cloudlet may drop
when the user is moving. The remote data migration deci-
sion engine decides on whether to migrate unfinished jobs
with their data to the clone or not.

When a mobile device connects to a cloudlet, the URL,
clone authentication details, and details for the previous
cloudlet to which it was connected (if applicable) are
transferred to the cloudlet. Then the remote migration
decision engine connects to the clone and automatically
downloads the cached data and code to the cloudlet to
speed up the offloading process. When the mobile device
connects to the next nearest cloudlet, the handler of the
new cloudlet connects to the handler of the previous
cloudlet to retrieve the code/data. If the user is not too late,
the new cloudlet may receive the requested data. If the old
cloudlet does not receive any requests for user data after a
short time period, it transfers the data back to the user’s
dedicated clone to prevent data loss. This is ideal if many
cloudlets are available when the user is moving, as it pro-
vides a seamless cloudlet service, which we assume occurs
in crowded areas such as busy shopping malls and town
centers.

3.2.1.5. Code cache and application data. Our approach uti-
lizes any available clone storage by allowing the offloading
framework to cache frequently offloaded codes with appli-
cation input data in the clone. A record of the cached code
and data is also kept so that mobile devices can discover
whether the code and/or input data already exist on clone
so that they do not have to be offloaded. In addition, when
a user loses connection to a cloudlet, the cloudlet storage
system can transmit unfinished/finished jobs back to the
user’s dedicated cloudlet so that the clone can execute
the code and/or the user can access the data later.

3.2.1.6. Virtual cloudlet manager. The offloading framework
in the cloudlet is placed in a VM (cloudlet VM) hosted by a
visualization platform such as KVM [32].

3.3. Features of the proposed MCC system architecture

1. Dynamic adaptation to a changing environment: In
the proposed architecture, the offloading frame-
work [4] implements code migration such that
the code is offloaded to be executed remotely at
the most suitable time. Two offloading destinations
are available to the offloading framework, clones
and cloudlets, so the framework can decide Where
to offload, depending on the user’s environment.
Users offloaded data are always backed up to their
dedicated clones at all times to prevent data loss.

2. Performance improvement via cloudlets and clones:
Offloading of code to more resource-rich servers in
cloud clones can improve the performance of mobile
devices. With the increasing bandwidth available,
users expect a faster mobile experience. The bottle-
neck for this is the mobile network status, specifi-
cally the response time and available bandwidth
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when performing online operations. In the proposed
architecture, VM-based cloudlets [17] are deployed
closer to the mobile device (at a one-hop distance)
as temporary points for code execution because
the distance and number of hops directly affect the
response time and energy consumption [33]. Users
can access cloudlets via high-bandwidth WiFi net-
works. This can be perceived as bringing the cloud
closer to mobile devices. However, we consider
clones as permanent execution points because we
assume that every mobile device has a dedicated
clone for offloading.

3. Faster code execution via caching and data localiza-
tion: Long-term caches of remote code can be
stored in the user-specific clone, so that the mobile
device will not have to send code to the clone when
offloading and cloudlets can download cached code
from the clone to reduce mobile data traffic.

4. Dynamic offloading algorithm

The offloading algorithm embedded in the remote exe-
cution decision engine decides on Whether and Where to off-
load data. The novelty of this algorithm is that it considers
more than one offloading location as a parameter when
deciding Where to offload. By contrast, conventional off-
loading algorithms support just one offloading location
[34]. In the remainder of the paper, we assume that cloud-
lets are only located next to WiFi APs and mobile devices
access clones using their cellular network via the Internet,
as shown by green1 and red lines in Fig. 1.

Before application execution, the decision-making pro-
cess seeks to reduce the total energy consumed by the
mobile device prior to execution [28]. We apply a novel
energy- and time-aware offloading algorithm that takes
two offloading locations into account, as shown in Fig. 1.
The energy model considers ramp, tail, and maintenance
measures when estimating energy, unlike energy models
used by existing offloading frameworks.

We use a simple mobility model similar to that of
Huang et al. [35]. We assume that the availability of wire-
less networks and their data transmission rates vary
according to the current location of the mobile device. In
contrast to Huang et al. [35], we assume that the availabil-
ity of networks for the mobile user may change during the
remote execution time for one application.

We first show how to estimate the task execution time
and the device energy consumption. Then we describe the
algorithm that uses these estimates to make offloading
decisions. The notations used are listed in Table 1.

4.1. Estimating the response time and energy for local
execution

The execution time for task j is estimated as

tj
mob ¼

i j

lcpu
: ð1Þ
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Table 1
Notation conventions.

Symbol Unit Description

ij MIPS Number of instructions for completion of task j

T Seconds Task hard deadline

tj
mob

Seconds Execution time for task j on a mobile device

tj
cloud

Seconds Execution time for task j in a cloud (cloudlet or clone)

Elocal J Energy consumption by a mobile device for task execution
Ecloud J Energy consumption by a mobile device when a task is offloaded to a cloud
Enic J Energy consumed by a network interface (Ewifi

nic ; E
3g
nic ; E

lte
nic)

lcpu MIPS Mobile CPU speed
lcloud MIPS Cloud speed
B Kbps Transmission bandwidth
dj KB Data that need to be transmitted for task j
Ptrans Watt Power consumption of the network interface
Pbasic Watt Baseline power consumption when the mobile device is idle
Pcomp Watt Power consumption of mobile CPU
jm % Proportional reduction in execution time compares to mobile execution
cm % Proportional reduction in energy compared to mobile execution
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The energy consumption for local execution is given by

Elocal ¼ ðPcomp � tj
mobÞ: ð2Þ
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4.2. Estimating the response time and energy for offloading

The response time for offloading of tasks to a remote
cloud server is calculated as

tj
cloud ¼

dj

B
þ ij

lcloud
: ð3Þ

We assume that a mobile device accesses its cloud clone
or cloudlet using a WiFi and/or cellular network, so calcu-
lation of the energy consumption for operations performed
on these interfaces is crucial. Zhang et al. carried out a
detailed study of the power consumption of mobile device
components using PowerTutor, an energy estimation tool
that considers CPU, LCD, GPS, WiFi, audio, and cellular
interfaces [36]. We used a similar model for WiFi and cel-
lular networks, although we only consider power con-
sumed when a task is executed on a cloud and when
data are transferred. The energy consumption is estimated
according to

Ecloud ¼ Pbasic � tj
cloud þ Enic; ð4Þ

where Pbasic is the baseline power consumption of the
mobile device when it is idle, tjcloud is the time for task
execution in the cloud, and Enic is the energy consumed
by the network interface when offloading to the cloud. If
Enic ¼ Ewifi

nic , then the equation yields the energy consump-
tion for offloading to a cloudlet.

As empirically observed by Zhang et al. [36], the packet
rate, not the bit rate, determines the power state of the
WiFi interface. In other words, the packet size does not
influence power consumption given a fixed channel state
and packet rate. However, the authors did not take the
energy for connection establishment into account [37].
We use a similar model but also take the connection estab-
Please cite this article in press as: C.M. Sarathchandra Magurawalage et
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lishment energy Ee into account. We express the system
energy cost for establishing and transferring n bytes as

Ewifi
nic ¼ Ee þ n � Etrans: ð5Þ

We assume that there is no significant difference in
power consumption between receiving and transmitting
packets, so we use the same values to represent transmit-
ted and received energy.

Models of energy consumption for cellular networks
consist of three components [38]: (1) ramp energy eramp,
(2) transmission energy etransm, and (3) tail energy ttail.
Unlike Zhang et al. [36], we consider radio resource control
states. The power amplifier of a mobile cellular interface
switches to a higher power mode to counter the drop in
signal strength [39] when transferring and receiving data.
Cellular base stations use feedback received from mobile
devices some 800–1600 times per second, and choose an
appropriate modulation scheme and data rate. Hence, a
strong signal allows for high data rates and shorter data
transfer times. It can be concluded that when the signal
is weak, data transfer take longer to complete and the radio
interface draws higher power. Considering these factors,
the energy model for cellular data transmission is given by

E3g
nic ¼ eramp þ etrans þ etail � ttail: ð6Þ
4.3. Decision-making

At runtime, the offloading framework dynamically
requests the cloud server speed of the cloudlet lct

cloud from
the connected cloudlet; we assume that the speed of the
dedicated clone, lcl

cloud, is already known by the mobile
device. The framework then calculates the proportional
reduction in execution time for offloading the task to a
clone or cloudlet as

jm ¼
tmob � tmcloud

tmob
; ð7Þ

where the subscript m can be either ct or cl, denoting cloud-
let and clone, respectively. If Eq. (7) yields a positive value,
al., Energy-efficient and network-aware offloading algorithm for
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offloading will not be time-efficient. A hard deadline Tj is
defined for task j. This deadline must be met and it is pref-
erable to choose the offloading location that executes the
task in the shortest time, even though energy consumption
has a higher priority than execution time in the offloading
decision engine.

The proportional reduction in energy consumption for
offloading a task to a clone or a cloudlet is given by

cm ¼
Elocal � Em

cloud

Elocal
: ð8Þ

If Eq. (8) yields a positive value, offloading will not be
energy-efficient. It is obvious that if cmob ¼ 0 and
jmob ¼ 0, then tasks are executed locally. If ccl > 0 and
jcl > 0, then it is energy- and time-efficient to offload the
task to a dedicated clone. If cct > 0 and jct > 0, then it is
energy- and time-efficient to offload the task to a con-
nected cloudlet or clone.

The proposed offloading approach is presented in
Algorithm 1, which favors the execution time over energy
consumption as the criterion for task offloading. This is
because the application will fail to reach quality of service
(QoS)/quality of experience (QoE) requirements if the task
deadline is not met. By contrast, the execution time has a
direct affect on energy consumption as defined in Section
4.2. If offloading of a selected task to either a clone or a
connected cloudlet cannot improve the execution time,
the task will not be offloaded (line 1). If the cloudlet can
execute the task faster than the clone can, and the energy
cost is approximately equal for offloading to the cloudlet or
the clone while meeting the deadline, the task will be off-
loaded to the cloudlet, and vice versa (lines 5–9). Next, if
the mobile device can save more energy by offloading to
the cloudlet than to clone while meeting the deadline,
the task will be offloaded to the cloudlet, otherwise the
clone will be selected as the offloading destination (lines
10–15). If none of the above conditions are met, the task
is executed locally (line 16).
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5. Performance evaluation and analysis

The name Cloudlet + Clone is used hereafter to refer to
our proposed architecture. The terms CloudletClone and
CloneOnly in figures refer to Cloudlet + Clone and a con-
ventional architecture, respectively.
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5.1. Simulation set-up

We conducted several simulations to study the perfor-
mance of the proposed MCC system architecture and the off-
loading algorithm. We implemented the algorithm using
CloudSim 2.0, an extensible tool kit for modeling and simu-
lation of cloud computing environments that supports mod-
eling of VMs on a simulated node of a data center [40,41].
The effectiveness and efficiency of our approach were eval-
uated mainly in terms of the average service response time
and the average energy consumption by a mobile device.
Comparisons were made among the following three scenar-
ios: mobile only, clone only, and Cloudlet + Clone.
Please cite this article in press as: C.M. Sarathchandra Magurawalage et
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Algorithm 1. Energy-efficient and network-aware decision
algorithm

1: 8m calculate cm & jm

2: if jcl 6 0 & jct 6 0 then
3: return Do not offload
4: else

5: if jct > jcl & cct � ccl & tj
ct P T then

6: return Offload to Cloudlet

7: else if jcl > jct & ccl � cct & tj
cl P T then

8: return Offload to Clone
9: end if

10: if cct > ccl & tj
ct P T then

11: return Offload to Cloudlet

12: else if ccl > cct & tj
cl P T then

13: return Offload to Clone
14: end if
15: end if
16: Do not offload

The simulation environment was configured as follows.
We assumed that the network state was constant for every
offloading instance, for example, that the bandwidth and
link latency for the uplink and downlink were constant
throughout the execution process for one task. The CPU
intensity of a task is represented in million instructions
per second (MIPS). The proposed architecture has two
types of network available for offloading. When offloading,
the time taken to execute a task in a particular environ-
ment may be taken into consideration because of task
headline values to achieve the promised QoE level. Hence,
we measured differences in response time between Cloud-
let + Clone and other popular architectures for task
execution.

For the evaluation we assumed that the CPU power
(MIPS) of the remote server is double that of the mobile
device and that the size is fixed throughout. This is a fair
assumption because the resources are much greater for
VMs in the cloud than for mobile devices and can be
resized on demand. Hence, the computational power of a
cloud clone or cloudlet can exceed double the power of a
mobile device. We chose a mobile device speed of
500 MIPS for a clone and 1000 MIPS for a cloudlet.

We assumed that the maximum bandwidth of the wire-
less network for Cloudlet + Clone is 300 Mbit/s since the
cloudlets are located next to WiFi APs, although the band-
width can be even higher for wireless 802.11n devices. For
offloading frameworks that only support clones, the band-
width is 15 Mbit/s and the latency is 0.020 s when access-
ing a clone hosted by a cloud service provider. The average
latency was measured experimentally using a real mobile
device with a 3G or WiFi network enabled in various geo-
graphic locations.

5.2. Response time

The aim of these simulations was to demonstrate the
Cloudlet + Clone efficiency in executing offloaded code.
al., Energy-efficient and network-aware offloading algorithm for
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Fig. 4. Task response time as a function of input data size.
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The number of instructions W required to execute a task
for a given data size of L is W ¼ XL, where X can vary
depending on the type of application [42,43]. Fig. 4 depicts
a scenario in which the input size increases by 300 bytes as
the instructions increase by 50,000 MIPS. This is a typical
scenario in which the instructions to be executed increase
exponentially in all cases when the input data size is
increased for one task. To evaluate the proposed architec-
ture, we assumed that the number of instructions increases
by 166 MIPS per byte. Cloudlet + Clone performs best in
this case because it is equipped with a network with a lar-
ger bandwidth compared to clone-only conventional archi-
tectures. The response time increases exponentially with
the input data size in all cases. Depending on the task
deadline, this response time might not be good enough
because it directly affects the QoE of mobile applications.

We also considered a case in which the number of
instructions for execution can vary depending on the task,
regardless of the size of the input data. Fig. 5 shows how
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Fig. 5. Task response time as a function of the number of instructions.

Please cite this article in press as: C.M. Sarathchandra Magurawalage et
mobile cloud computing, Comput. Netw. (2014), http://dx.doi.org/10.10
the response time increases with the number of instruc-
tions. It is apparent that it is much quicker to offload the
code to a remote server (clone or Cloudlet + Clone) because
of the lack of computational resources in mobile devices. In
particular, Cloudlet + Clone is even quicker when offload-
ing because data transmission is much quicker than via
traditional offloading frameworks owing to the smaller
network latency and larger bandwidth. It is clear that the
bottleneck for offloading computation is the transmission
time. Two feature of the proposed architecture overcome:
(1) the high bandwidth of the offloading framework and
(2) the use of data caching.

The proposed architecture supports local data caching
on a clone and a cloudlet. This means that when offloading,
a mobile device does not have to transfer input data with
the code if the data can be downloaded via the Internet.
The input data do not have to be sent with the code if they
are already stored in the clone. In such cases, if the code is
offloaded to a cloudlet, the cloudlet will retrieve these data
from the user’s dedicated clone using the fixed network.
Current popular offloading frameworks do not support this
functionality. As shown in Fig. 6, applications benefit from
having an offloading framework with data caching enabled
in comparison to traditional offloading frameworks (clone
without data caching) and clones with data caching
enabled. Fig. 7 compares the response time when offload-
ing for traditional clones and for Cloudlet + Clone with data
caching enabled.

Every offloading framework considers the state of its
available network to decide whether it is worth offloading.
The bandwidth of the network is a function of the network
state. Hence, it is not appropriate to assume that the net-
work state remains constant until a user finishes using
an offloadable mobile application. Bandwidth reduction
can negatively affect the performance of the offloading
framework. By reason of the previous statement, it is
important to analyze the effect in a situation in which
the available network bandwidth decreases. The results
are shown in Fig. 3 for a fixed reduction in bandwidth
when offloading the same task with the same number of
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input data. It is evident that the reduction in response time
when offloading is far greater owing to the small band-
width of traditional offloading frameworks, whereas the
proposed architecture supplies more bandwidth to the off-
loading framework by adding WiFi-based cloudlet support.

5.3. Energy consumption

We simulated the energy consumption of the CPU and
the network interface of a mobile device. The aim was to
Table 2
Wireless energy model for downloading x bytes of data over 3G and WiFi
networks.

3G WiFi

Transfer energy 0.025(x) + 3.5 0.007(x) + 5.9
Maintenance 0.02 J/s 0.05 J/s
Tail energy 0.62 J/s NA
Tail-time 12.5 s NA
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Fig. 8. Energy consumption of a mobile device with a clone only and
Cloudlet + Clone when increasing the input data size without data
caching.
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give an indication of the energy consumption of the mobile
device rather than to report precise measurements. When
calculating the energy consumption of a mobile device,
we consider the CPU energy consumption for local execu-
tion of a task, and the energy consumption of the network
interface when offloading. For a CPU with approximately
500 MIPS, the energy consumption is 0.9 W [8]. The
parameters listed in Table 2 were used to estimate the
energy per byte [38].

Fig. 8 compares the energy consumption for a task exe-
cuted on a mobile device only, a clone only, and Cloud-
let + Clone as the input data size for the same task
increases, which also increases the number of instructions
to complete. The results show that the Cloudlet + Clone
architecture saves a significant amount of energy owing to
its high bandwidth and low-latency networks. Figs. 9 and
10 compare energy consumption with data caching enabled
in a clone only and Cloudlet + Clone, respectively, with
energy consumed when the task is executed on a mobile
device and on a clone without data caching. In all cases,
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Fig. 9. Energy consumption of a mobile device when offloading without
data caching in a clone (conventional architecture) and with data caching
enabled in a clone (proposed architecture without Cloudlet).
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Fig. 10. Energy consumption of a mobile device when offloading without
data caching in a clone (conventional architecture) and with data caching
enabled in Cloudlet + Clone.
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Cloudlet + Clone performs better than the comparative
architecture because of the reduction in transmitted data.
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6. Conclusions and future work

We proposed a new MCC system architecture called
Cloudlet + Clone, containing a new middle layer called a
cloudlet layer. This cloudlet layer sits between mobile
devices and their traditional cloud infrastructure or clones.
Cloudlets are deployed next to WiFi APs and serve as a
localized service point in close proximity to mobile devices
to improve the performance of mobile cloud services in
terms of response time. An offloading algorithm for decid-
ing Whether and Where to offload is applied on top of the
new architecture. The decision-making takes into account
the availability of two types of wireless network, WiFi
and 3G, with the aim of saving battery life for mobile
devices while satisfying the response time constraints of
applications. We demonstrated the efficiency of the pro-
posed architecture by comparison with conventional off-
loading architectures in simulations. Our immediate aim
for future work is to carry out experiments on our Open-
Stack-based cloud test-bed.2 Integration of our coarse-
grained offloading algorithm with a VM placement algo-
rithm such as the one proposed by Chang et al. [5] is planned
as one of our next steps. Our energy model will be refined
and the overhead for collecting energy consumption infor-
mation will also be evaluated.
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