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Optimal Cloudlet Placement and User to Cloudlet
Allocation in Wireless Metropolitan Area Networks

Mike Jia™, Jiannong Cao
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Abstract—Mobile applications are becoming increasingly computation-intensive, while the computing capability of portable mobile
devices is limited. A powerful way to reduce the completion time of an application in a mobile device is to offload its tasks to nearby
cloudlets, which consist of clusters of computers. Although there is a significant body of research in mobile cloudlet offloading
technology, there has been very little attention paid to how cloudlets should be placed in a given network to optimize mobile application
performance. In this paper we study cloudlet placement and mobile user allocation to the cloudlets in a wireless metropolitan area
network (WMAN). We devise an algorithm for the problem, which enables the placement of the cloudlets at user dense regions of the
WMAN, and assigns mobile users to the placed cloudlets while balancing their workload. We also conduct experiments through
simulation. The simulation results indicate that the performance of the proposed algorithm is very promising.

Index Terms—Cloudlet placements, mobile user allocation, task response time minimization, mobile task offloading, mobile cloud computing

1 INTRODUCTION

MOBILE applications are becoming increasingly
computation-intensive, while the computing capacity
of mobile devices are limited due to their portable sizes.
A powerful approach to improving the performance of
mobile applications is to offload some of their tasks to
remote clouds, where an application consists of multiple
tasks. Existing research in mobile task offloading mostly
considered the cloud to be the remote offloading destina-
tion, due to its abundance of computational resources.
However, the cloud usually is remotely located and far
away from its users, and the network delay incurred by
transferring data between users and the cloud can be very
costly. This is especially undesirable in reality-augmenting
applications and mobile multiplayer gaming systems,
where a crisp response time is critical to the user’s experi-
ence. Recent works [1], [2] have proposed the use of clusters
of computers called cloudlets as a supplement to the cloud
for offloading. Cloudlets are typically collocated at an access
point (AP) in a network, and are accessible by users via
wireless connection. A key advantage of cloudlets over the
cloud, is that the close physical proximity between cloudlets
and users enables shorter communication delays, thereby
improving the user experience of interactive applications.
Despite the increasing momentum of cloudlet research in
Mobile Computing, the question of where cloudlets should
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be placed within a network has largely been overlooked.
Previous studies typically prescribed cloudlets for use in
small private WLANSs such as an apartment home, or an
office floor. In such a setting, it can be argued that the cloud-
let placement problem is trivial. Wherever the cloudlet is
placed, the small size of the network means that the com-
munication delay between the cloudlet and users is negligi-
ble. However, if we consider the use of cloudlets in Wireless
Metropolitan Area Networks (WMANSs), the problem of
placement becomes much more significant.

Although there has been little research on the use of
cloudlets in WMANSs, we believe cloudlets are particularly
suited for a WMAN environment. First, metropolitan areas
have a high population density, meaning that cloudlets
will be accessible to a large number of users. This
improves the cost-effectiveness of cloudlets as they are
less likely to be idle. Second, due to the size of the net-
work, WMAN service providers can take advantage of
economies of scale when offering cloudlet services
through the WMAN, making cloudlet services more
affordable to the general public. However, due to the size
of the WMAN, a given user could be a significant number
of hops away from the nearest cloudlet. Although the
delay incurred per hop may be negligible when consider-
ing small networks, WMANSs typically deal with much
heavier traffic, resulting in lower quality of service and
longer network delays. Because of this, long distances
between the user and the cloudlet can adversely affect the
performance of user applications, particularly those with a
high data communication to processing ratio, such as
online mobile games. At the same time, we must also care-
fully consider which users to assign to which cloudlets.
A nearby cloudlet may have a short network latency to a
user, but if the cloudlet is overloaded with other user task
requests, the delay at the cloudlet could dominate the net-
work latency. A better solution would be to route the user
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request to another cloudlet with a lighter workload. By
strategically placing cloudlets in the WMAN and assign-
ing user requests to cloudlets, we can minimize the
total task request delay between users and cloudlets,
bringing significant improvement to the performance of
mobile applications.

The problem of cloudlet placement and user-to-cloudlet
assignment in WMANSs is a daunting one for a number of
reasons. First, users in a WMAN are non-static and con-
stantly moving around the city; the number of users in any
particular area can vary over time. Deciding permanent
cloudlet positions to best fit the dynamic movement and
demands of the users poses a great challenge. Second, the
scale of the problem itself is an enormous obstacle; the num-
ber of cloudlets that need to be placed in relation to a vast
number of users makes traditional linear programming sol-
utions infeasible. Assuming that all APs in the WMAN are
viable cloudlet locations, the number of possible configura-
tions is combinatorial; a heuristic solution is necessary to
solve the problem in reasonable time. Finally, the assign-
ment of users to cloudlets must be considered. We will later
show that routing user requests to their “closest” cloudlets
is not a satisfactory solution. Performing an optimal user-to-
cloudlet assignment in conjunction with finding an optimal
cloudlet placement, adds a new dimension of complexity to
the already difficult problem.

In this paper we study the optimal cloudlet placement,
and user-to-cloudlet assignment in a WMAN, to reduce the
average wait time of offloaded tasks. We focus on solving
the following optimization problem: given an integer num-
ber K > 1, place K cloudlets in the WMAN co-located with
some APs and assign the users to the cloudlets such that the
average wait time for offloaded user requests is minimized.

In this paper we make the following contributions. We
first devise a novel multi-user, multi-cloudlet, system model
using queuing network. We then propose an algorithm for
the K cloudlet placement and user to cloudlet assignment
problem. We also discuss how our algorithm can be practi-
cally applied to WMANSs with dynamic and constantly
moving user. We finally perform simulation experiments
which indicate that our algorithm delivers a solution with
near optimal performance according to simulation results.

The rest of the paper is organized as follows. Section 2
reviews related works. Section 3 introduces the system
model and the problem definition. Section 4 gives a detailed
description of the proposed cloudlet placement algorithms,
and Section 5 conducts a case study and simulation results.
A conclusion is drawn in Section 6.

2 RELATED WORK

Mobile task offloading to cloudlets is a new and important
research topic. Cloudlets are typically described as resource-
rich computers deployed at APs in a network, and act as off-
loading destinations of mobile users [1], [2], [3]. As cloud
servers are usually physically far away from their users,
communication delay between each user and the remote
cloud can be long and unpredictable [1]. This can be espe-
cially problematic for mobile applications where a crisp
response time is critical to the user experience, such as real-
ity-augmenting applications and mobile gaming systems.

The close physical proximity between users and cloudlets
means that the delay involved in task offloading is greatly
reduced when compared to the remote cloud, thereby
improving user experiences. To offload tasks, mobile users
encapsulate tasks in a virtual machine (VM) [4] which is then
uploaded to the cloudlet for execution. The user can then off-
load more tasks using offloading operations on its VM in the
cloudlet. Once a task on the VM in the cloudlet has been exe-
cuted, the result is returned back to the user.

Although existing frameworks and algorithms for task
offloading mostly focused on clouds [5], [6], cloudlets
have been quickly gaining recognition as an alternative
offloading destination [7], [8], [9], [10], [11]. Odessa [10] is
an example that can offload tasks to either the cloud or a
dedicated cloudlet. The study in [12] further considered
the situation where a user can offload his/her tasks to
both the cloud and the cloudlet at the same time, and pro-
posed a solution based on game theory. Cloudlets have
also impacted the research of mobile cloud gaming [13],
[14]. For example, a cloudlet-assisted multiplayer cloud
gaming system was proposed in [14], which uses cloudlets
as caches for video frames.

Several recent papers further broadened the definition of
cloudlets to include ad-hoc computers in the network.
In [16], [17], Verbelen et al. proposed such a cloudlet archi-
tecture, creating a framework which enables ad-hoc discov-
ery of nearby devices in the network to share resources.
While such an architecture does have its benefits, there are
serious security and privacy concerns when offloading tasks
to ad-hoc computers, so for this paper we restrict our defini-
tion of cloudlets to being a cluster of computers co-located
with an AP.

In this paper we consider the cloudlet placement prob-
lem in a WMAN. A WMAN is a computer network that pro-
vides wireless Internet coverage for mobile users in a
metropolitan area, and are often owned and operated as
public utilities [18]. Intuitively, the cloudlet placement prob-
lem is similar to the facility location problem [19], they how-
ever are essentially different. Each user can be self-sufficient
without a cloudlet as it is able to offload tasks to the remote
cloud. This makes it difficult to effectively apply traditional
facility location algorithms [20] to our problem. To the
extent of our knowledge, this is the first piece of work to
consider the placement of cloudlets in WMANS.

3 PRELIMINARIES

In this section we first describe the WMAN system model,
and the task offloading protocols for users and cloudlets in
our system model. We then define the problem precisely.

3.1 WMAN System Model

A WMAN can be represented by a set of access points
P = {pi,...,pn} interconnected by the Internet, and a set of
mobile users U = {uy,...,u,} who can access the network
through APs. We use an undirected graph G(V, E) to repre-
sent the connections between users and APs in a WMAN,
where V = PUU. There are two types of edges in G. An
edge between a user u; and an AP p; (u; p;) € E, indicates
that w; is wirelessly connected to p; (illustrated by the
dotted lines in Fig. 1). An edge between two APs p; and p;
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Fig. 1. AWMAN example.

(pi pj) € E, indicates that they have a one-hop distance
(illustrated by the solid lines in Fig. 1. We assume that graph
G is connected, which implies that all APs are reachable
with each other through high speed Internet connection. In
addition, there is also a remote cloud that can be accessed
from every AP via the Internet.

The tasks of each mobile user can fluctuate unpredict-
ably, especially when the user is running multiple applica-
tions at the same time. We assume that each user u; has a
stream of offloadable tasks that randomly arrive into the
system with arrival rate );, according to the Poisson process.
The core functions of the application that cannot be off-
loaded continue running on the device, but these tasks are
invisible to our system model.

To offload its tasks to cloudlets for processing, a user
needs to relay its offloaded tasks through the network G.
Taking Fig. 1 as an example, let w; denote the wireless delay
between u; and the AP p; that u; is connected. If the offloaded
task of u; will be processed in the cloudlet located at AP py,
then the task needs to be relayed from p; to p;. We assume
that all offloaded tasks are of a uniform data packet size, and
so delays incurred in transferring any task through the net-
work between a pair of APs is identical. To model such a net-
work delay in the WMAN, denote by D € R™*"™ the network
delay matrix, where entry D;; represents the communica-
tion delay in relaying a task between AP p; and the AP p,.

3.2 Offloading System Model

In this subsection we introduce a system model for multi-
user mobile task offloading. The system is modeled as a
queuing network. We assume that there are K cloudlets to
be placed in G. Offloaded tasks can either be executed on
one of the K cloudlets or the remote cloud. Each user u;
begins by offloading its task stream to the cloudlet with task
arrival rate \;. If the cloudlet is overloaded at this moment,
it will offload a fraction of its arriving task stream to the
remote cloud.

Cloudlets are modeled as a M/M/c queue, where every
cloudlet consists of ¢ homogeneous servers with fixed ser-
vice rate p. The wait time of a task request arriving at a
cloudlet consists of a queue time and a service time. We
define a function fy which takes a given task arrival rate
(workload) A, and returns the average queue time

c (q 3)

:c,u—)\’ )

fo(A)

where

(o) (1
C(C, ,0) _ ( o )(17") 2)

c—1 (cp)F ¢ ’

Formula (2) is known as Erlang’s formula (2) [21].

Let U; denote the set of users assigned to the cloudlet
placed at p;, where U; = {u; | y;; = 1}. Due to the limited
computing capacity of the cloudlet, it may not be possi-
ble for a cloudlet to serve all the user task requests it
received. If the workload of a cloudlet is too heavy, the
queue time can become excessively long, potentially
slowing down the mobile user’s application. As a result
it is not uncommon for cloudlets to offload tasks to the
remote cloud when overloaded [1], [12]. Thus, we
assume that the maximum workload at each cloudlet is
capped at an arrival rate of A, and that the remaining
task requests will be offloaded to the remote cloud. We
determine the fraction ¢; of tasks the cloudlet processes

as follows.
5= {3
i = Amaz
N )

where U; denotes the set of users assigned to the cloudlet at
AP p;, and A(j) = 3Z,, ey, Ai- The wait time of each task in

the cloudlet at p; is

if Apaz > A(J)
otherwise,

(3)

tan(d) = fo | d;- D M| + 1/ @

’LLZ'EUJ'

Offloaded tasks will be relayed to the remote cloud
through the Internet, we thus assume the transfer of the
task through the Internet incurs a fixed delay B. We further
assume that the cloud has sufficient computing resource to
process the tasks, and the queue time of the tasks in the
remote cloud is negligible. We model the cloud as a M/M/oo
queue with the service rate p (the same as all cloudlets).
The wait time ¢4 of offloaded tasks at the remote cloud can
be calculated as follows:

taa =B+ 1/n (5)

From Formulas (3), (4), and (5), the average wait time of
offloaded tasks by user v; is calculated as follows:

ti =w; + Dyj+ ;- tar(§) + (1 — ¢;) - taas (©6)

where u; is wirelessly connected to AP p;, and assigned to
the cloudlet located at p;.

The average wait time of offloaded tasks by all users in
the system in Eq. (6) is referred to as the system response
time (SRT)

1 n
t:E;ti. (7

All symbols used thus far are listed in Table 1.
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TABLE 1
System Symbols
Symbol Definition
G Network graph
X Vector position of cloudlets at APs
Y Matrix assignment of users to cloudlets
n Number of users
m Number of APs
c Number of servers per cloudlet
Ai Task arrival rate/workload for user u;
A(9) Task arrival rate/workload at cloudlet p;
w; Wireless delay between user u; and its AP
D;; Network delay between AP p; and p;
fo(N) Function for cloudlet queue time. takes workload
A as input
Tret Tolerable network delay threshold
max Maximum cloudlet workload
¢, Fraction of tasks accepted at cloudlet p;
m Cloudlet/cloud server service rate
B Internet delay
tar(7) Cloudlet wait time at p;
teid Remote cloud wait time
t; Response time of user u;
t System response time

3.3 Problem Formulation

We introduce two sets of variables X and Y to represent
the placement of cloudlets at APs and the assignment of
users to cloudlets, where z; indicates whether or not a
cloudlet will be placed at AP pj;, and z; =1 means that
a cloudlet is placed at p;, otherwise, z; = 0. In Fig. 1, two
cloudlet are placed at AP p; and py, as a result, z; = 2, = 1
while all other values of z are zeros. Y represents the
assignment of users to cloudlets, y; ; =1 indicates that
user u; is assigned to the cloudlet at AP pj; otherwise
yi; = 0. We assume that all cloudlets will be co-located
with some of the AP locations,

X={z[1<j<m},
and

YV={y,;[1<i<n 1<j<m}.

We also introduce a tolerable network delay threshold
Tt for network delay between users and cloudlets. While it
may not be possible to provide a solution such that every
user has a network delay below the threshold 7., the intro-
duction of T},.; will have practical meanings when we devise
an algorithm that can deliver a feasible solution. In the fol-
lowing we define parameters related to the problem. Let A
be the set of task arrival rate of users,

A={\|1<i<n}, ®)

and let W be the set of wireless delays between users and
their APs,

W ={w; |1 <i<n}. 9)

Recall network delay matrix D, the maximum cloudlet load
Amaz, the Internet service rate B, the cloudlet/cloud server

service rate u, the number of servers c in each cloudlet, and
the tolerable network delay threshold 7).

The K cloudlet Placement Problem (KCP) in a WMAN G is
defined as follows. Given an integer K > 1 and system
model parameters (G, A, W, D, Ty, Apaas B, 1, ¢), the
problem is to find X (the placement of cloudlets among the
APs) and Y (the assignment of users to the cloudlets) such
that the system response time ¢ in Eq. (7) is minimized, i.e.,

min ¢. (10)
XY

4 CLOUDLET PLACEMENT TO MINIMIZE
RESPONSE TIME

In this section we propose two heuristic algorithms for the
K cloudlet placement problem. We start with a simple
Heaviest-AP First (HAF) algorithm. We then propose a
Density-Based Clustering (DBC) algorithm that surmounts
the shortcomings of the HAF algorithm.

4.1 Heaviest-AP First Placement

We first find a cloudlet placement X in the WMAN. As
the objective of the problem is to reduce the system
response time by bringing cloudlets closer to users, a
plausible approach is to place cloudlets at the APs where
the user workloads are the heaviest. We thus sort the APs
in the network by the accumulative task arrival rate
of users, and place cloudlets at the top K APs with the
largest workloads. We then assign users to the cloudlets
as follows.

For each user u; connected to AP p;,, we find the cloudlet
to which AP p; has the smallest network delay Dy ;, and
assign u; to that cloudlet. This minimizes the network delay
between a user and his/her cloudlet. Algorithm 1 gives the
details of the Heaviest-AP First Placement.

Algorithm 1. Heaviest-AP First Algorithm

Input: (K, G, A, W, D, Ty, Mnaz, B, i, ©)
Output: (X,Y).
1:  /*Cloudlet placement */
2: Q< 0 /*Q is the set of cloudlet locations */ ;
3: fork« 1to K do
4. j < k, where k is an index of an AP p; with
Zu,;euscr(pk) /\i = max[}LEVfQ{Zuieltsm-(p;c) )\l}’ and
user(py,) is the set of users connected to AP py;
Q—QU{p};
Xjgl < 1;
/* User-to-cloudlet assignment */
fori «+ 1ton do
let p be the AP that user ;) is connected;
find a cloudlet j and assign the tasks of u; to it,
where Dy, ; = minPJEQ{Dkvj};
11: Y[i, j]— 1

ORI G

There are two major shortcomings of the HAF algorithm.
First, the APs with the heaviest workload are not always the
closest ones to their users. Consider the WMAN in Fig. 2,
although AP p; may have the heaviest user workload, the
users wirelessly connected to p; are all outliers in the net-
work. As most users in the network are multiple AP hops
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Fig. 2. User dense regions in a WMAN.

away from p;, it is clear that the location of p; is not the best
candidate for cloudlet placement. On the other hand, even
though there are no users connected to AP p;, the majority
of users in the WMAN are within a single hop of p;, thus
making p; a more favorable cloudlet location than that of p;.
As a result, it is important that we target APs positioned in
user-dense regions of the WMAN for cloudlet placement,
instead of APs with the heaviest user workload.

The second issue with the HAF algorithm is that assign-
ing users to their closest cloudlets can lead to uneven distri-
butions of users to cloudlets. This can cause certain
cloudlets to be overloaded while others are under-utilized.
Fig. 3 shows the relationship between the average wait time
of offloaded tasks to a cloudlet and the number of users
using the cloudlet. With the increase on the number of
users, the wait time of tasks sharply increases. Once the
cloudlet reaches its maximum workload \,,.., as seen in
Fig. 3, the cloudlet begins to offload its surplus user requests
to the remote cloud. This implies that a better strategy is to
assign some user tasks to those under-loaded cloudlets
rather keeping them on an overloaded cloudlet. Therefore,
it is clear that workload balancing among the cloudlets is an
important issue for user assignment to cloudlets.

4.2 Density-Based Clustering Placement

To surmount the shortcomings of the HAF algorithm, we
now introduce our main solution to the K cloudlet place-
ment problem. Through the discussion on the HAF algo-
rithm, we have two key observations that will guide us to
develop an efficient solution to the problem. First, we target
user-dense regions of the WMAN for cloudlet placement.
This means that cloudlets are situated close to large num-
bers of users, thereby reducing the average network latency
between users and cloudlets. Second, we balance user work-
loads among the cloudlets, which can dramatically reduce
the average cloudlet queue time of tasks. We propose a den-
sity based approach to cloudlet placement. Recall that the
given parameter 7, is the tolerable network delay thresh-
old. Let Uy, ,(j) be the set of users that can access AP p;
with the network delay time no greater than 7,,.;, where

UTnet (-]) = {ul | Dk‘,,j S Tn,et }a

where p; is the AP to which u; is wirelessly connected.
We call Uy, ,(j) the set of candidate users at AP p;. As the
candidate users of p; have short network delays to it, the can-
didate users are clustered around the AP. It can be argued
that a larger number of users in the set of candidate users of

12 4 -

<
L 3

o
3

Cloudlet Queue Time
o o
» o

0.2 4

o s 10 15 20 25
Number of Users Assigned to Cloudet

Fig. 3. Cloudlet queue time.

an AP, indicates a higher user-density in the region of the
AP. Let Az, (j) denote the candidate workload of AP p;, then

>

wi€UT,,,, (7)

>\Tnet (] ) =

To place the cloudlets to APs, we first choose an AP p;
with the largest candidate workload Ay, ,(j), and place a
cloudlet at p;. We then remove the set of users directly con-
nected to p; from network G, recalculate each AP’s candi-
date users in the updated network, and find the next AP
with the largest candidate workload. We repeat this process
K times until all K cloudlets are placed.

As APs close to each other will often share candidate
users, an AP is very likely to have a high number of candi-
date users if its neighboring APs also have high numbers of
candidate users. As a result, regions of the WMAN with a
higher user-density will typically have more APs chosen for
cloudlet placement. Furthermore, by removing the users of
AP p; after a cloudlet is placed at the AP, we can reduce the
likelihood of oversaturating a densely populated network
region with cloudlets. This means that the distribution of
cloudlets in the WMAN roughly follows the distribution of
mobile users, thus making it easier to balance the workload
among cloudlets when assigning them with users.

We then solve the user-to-cloudlet assignment problem
as follows. We find the cloudlet with the heaviest candidate
user workload. We denote \,,, to be the average workload
among the cloudlets, where

1 n
>\a1!g = E ' Z )\7
i=1

We then assign the cloudlet’s candidate users to itself,
until the workload of the cloudlet exceeds A,,,. Once a set of
users have been assigned to the cloudlet, we remove the
assigned users and the AP of the cloudlet from the WMAN
graph G. We then move to the next cloudlet with the largest
number of candidate users and assign its candidate users to
itself in the same way. This process is repeated until all
cloudlets have been given the opportunity to assign their
candidate users. Finally, the remaining unassigned users in
G will be assigned to their closest cloudlets.
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Fig. 4. Cloudlets at p; and p;.

In this algorithm, the last issue to be addressed is how to
prioritize candidate users for assignment to the cloudlets.

4.2.1 Relative Distance User-Assignment to Cloudlets

Because each cloudlet can only serve a limited number of
users, it is important to decide which candidate users to
assign to which cloudlets. A naive solution is to connect the
closest candidate users to the cloudlet, until the cloudlet
exceeds the average cloudlet workload. However this can
lead to a situation where a user could be forced to connect
to a far away cloudlet. Fig. 4 shows such an example, where
there are two cloudlets, placed at p; and ps. Suppose we
assign users to the cloudlet at p; and that the cloudlet will
achieve the average workload after assigning four users. If
we assign the four closest users, then user w; is forced to
connect to an alternative cloudlet p,, which is significantly
further away from the user than p;. The problem is that
while users like uy are closer to p; than u,, they also have a
close alternative cloudlet that they can connect to, whereas
uy’s alternative cloudlet is relatively far away. A better solu-
tion would be to assign u; to p;, and u; to p,. This is because
the relative distance of v, to p; against p; is closer than uy’s
relative distance to p; against p, (thus w; should have a
higher priority than u, to connect to p;).

It is clear that some users should have a higher priority
when being assigned to a cloudlet, based on their distances
to the cloudlet relative to the distances of an alternative
cloudlet. Now we introduce the concept of “relative dis-
tance” between a user and a cloudlet. Suppose v; is a candi-
date user of p;, and that p; is the closest cloudlet to v; that is
not p; (we call p;y the alternative cloudlet of u;). Let r;;
denote the relative distance of v; to the cloudlet at p;, where
u; is wirelessly connected to AP py,

po = Wit Dij
2] w; + Dk\j’ .

Here we use delay to infer the distance between the user
and the cloudlets. Note that w; denotes the wireless delay
between u; and its AP p;, while D;,; denotes the network
delay between AP p;, and the cloudlet at p;.

When the relative distance between u; and p; is low, this
means that v;’s alternative cloudlet is very far away. In the
extreme case, if the relative distance is zero, this indicates
that there is no alternative cloudlet available for it. As a
result, u; should be given a higher priority when assigning
users to p;, than a user with a greater relative distance.

Taking Fig. 4 as an example, u; has relative distance to p;
that is less than one, as it is closer to p; than ps. us on the
other hand, has a relative distance to p; that is greater than
one as it is further away from p; than p,. Therefore, u;
should be given a higher assignment priority than u; when
being assigned to p, as it has a smaller relative distance to
py than us. As relative distance increases, the user has less
priority, because it is closer to its alternative cloudlet.

To assign users to p;, we first compute the relative dis-
tance to p; for each user u;. We then connect the user by
increasing order of r; ; until the average cloudlet workload
is exceeded. We finally remove p; and the set of assigned
users from further consideration. Algorithm 2 gives the
detailed description of our method.

Algorithm 2. Density-Based Clustering Algorithm
Input: (K, G, A, W, D, Tpet, Mnazs B, 1, ©);
Output: (X,Y).
1:  /* Cloudlet placement */
2 U’ — U /* the set of unassigned users for cloudlets */;
3: @« 0 /*Qis the set of cloudlet locations */;
4:  foriteration — 1to K do
5.
6
7

find a cloudlet j such that A, (j) = max,, cv{Az,,, (k)};
Q= Quipk
U" — U’ — user(p;) where user(p;) is the set of users
connected to AP pj;
8: Xlgl < 1;
9:  /* User-to-cloudlet assignment */
10: U < U;
11:  fork — 1to K do
12: We find a cloudlet p; such that
1Us,,, ()] = max,, e [Ur,., (7)]};
13: let R be the list of elements in Uy, , (j) ordered by 7; ;,
where 7; ; is the relative distance between user u;
and cloudlet p;;
14: forl — 1to |U'| do

15: Y[R[l],j] — 1;

16: if R[5 ;é 0 then

17: if A(j) > Aay then

18: /* A(j) is the workload at cloudlet p; */

19: exit;

20: Q— Q- {pj}}

21: U — U —A{u; | u; € U;} /* remove assigned users

from U’ to prevent them from being reassigned */.

4.3 Approach for Dynamic WMANs

As mentioned, the main challenge of cloudlet placement in
a WMAN is the dynamic nature of its user movement. Users
are constantly moving around within the network, and the
network delay fluctuates throughout the day. So far we
have described how to solve the K cloudlet placement prob-
lem in a static snapshot of the WMAN, but most WMANSs
cannot be accurately represented by a single snapshot.
However, by using historical data of its users to construct
multiple snapshots of a WMAN, we solve the KCP problem
under this dynamic setting, by extending the solution in the
previous section through necessary modifications. In the
following we will give a baseline method of how the histori-
cal data of user movements can be used in the cloudlet
placements and user allocations to the placed cloudlets.
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4.3.1 Cloudlet Placement in WMANs

Mobile user movement in a WMAN often follows repetitive
patterns. Users typically stay at home in the suburbs at
night, and commute to work in the city-center during the
day. Consider a cloudlet service provider who has con-
structed N snapshots of the WMAN at regular time inter-
vals already based on the historical data. Let G;(V;, E;)
denote the snapshot of the WMAN at the ith snapshot time
interval. We solve X; and Y; for the KCP problem with sys-
tem parameters (G;, A;, Wi, D;, Tet, Mz, B, 1, ¢) for G
for each snapshot time interval ¢ with 1 < ¢ < N. Denote by
X the collection of all cloudlet locations from the snapshot
solution X; for each t with1 <7 < N,
X={p;j|Fist. X;(j)=1}.

As user workloads change overtime, we can expect
that the placement of cloudlets X; at each snapshot time
interval ¢ is different. In order to find a cloudlet place-
ment to better suit for all the N snapshots, the cloudlet
placement will be slightly further away from the users in
a given snapshot ¢ when compared to its snapshot-level
cloudlet placement X; on average. Our objective thus is
to choose a cloudlet placement M = {m,, ms,...,mg} to
minimize the additional network delay, when applying
M to snapshot i, compared to the snapshot-level cloudlet
placement X;. Because users often stay for extended peri-
ods of time in certain areas, such as offices, coffee houses,
shopping centers, the set of all snapshot cloudlet place-
ments X will tend to exhibit cloudlet placement locations
that are clustered together. We can achieve our objective,
by exploiting this property, through applying the
K-medians clustering algorithm to the set of all snapshot
cloudlet placements X.

A K-medians clustering algorithm is a variation of the
K-means algorithm, which iteratively finds K clusters
{C1,Cs,...,Ck} in a set of locations, each with a median
location at its center {mj,ms,...,mg}, to minimize the
within-cluster sum of squares [22]. We define the median
location m of a cluster C to be the location in the cluster
that has the smallest sum distance from every other
location in the cluster, m = p, such that ijec Dy =

minpk/EC {ijeC Dklvj}'

If we apply the K-median algorithm on the set of cloud-
let locations X, we can find the global cloudlet placement
M = {my,mg,...,mg} that minimizes within-cluster net-
work delay,

arg mm Z Z Djm;s

OR} 4 1 peC;

where mq,ms,...,mg are the medians of the clusters
Cy, Cy,...,Ck, respectively. Due to the overlapping of
cloudlet placements across different snapshots, the clus-
ters C1,Cs, ..., Ck represent the general regions of cloud-
let locations across all snapshots. Thus, by minimizing
within-cluster network delay, we also minimize the addi-
tional network delay between the global cloudlet placement

and the snapshot-level cloudlet placements. Algorithm 3
provides the details of the K-medians clustering algorithm.

Algorithm 3. K-medians clustering algorithm
Input: (K, G, A, W, D, T, Anaz, By 11, ¢, X),
Output: M.
1:  M][ « getRandomK (X) /* Initialize medians to random
locations in X */;
2 /* Let MAX be the maximum number of iterations */;
3 for iteration «— 1 to MAX do
4: for j «— 1to|X| do
5: /* Assign each location p; in X to the cluster of the
closest median. */;

6: i «— ksuch that DM[k]J’ = mink/{DM[k/]_j};
7: C; — C;U{p;} /*cluster C; */;
8: for k — 1to K do
9: m «— p;suchthat}’ . D;;=min, cc, {Zp e, Dig}
/* Re-calculate medlan my, in cluster Cj,. *
10: M'lk] —m;
11: if M = M’ then
12: /* If cluster formations have converged */
13: exit;
14: else
15: M — M.
4.3.2 AP-to-Cloudlet Assignment in WMANs

To address user-to-cloudlet assignment in a dynamic
WMAN, we are aware of the fact that a WMAN in the
real world can potentially have millions of users, and
such large-scale makes it infeasible to individually assign
users to cloudlets. Furthermore, the assignment needs to
be constantly updated as users move around within the
network. One way we can address this issue is to group
users connected to the same AP together, and then collec-
tively assign them to one cloudlet. More formally, given a
current snapshot of the WMAN G(PUU, E), a network
delay matrix D, and the current cloudlet placement con-
figuration X, we create a new graph Gp(PUUp, Ep),
where each AP p; € P has a single user u;. We then
define the set of task arrival rates for the new users

= {AG) | 1<j<m), where A(j) = 3,0, A As we

have aggregated all users into their connected APs, we set
the wireless delay w; for each new user to zero. We then
solve the user-to-cloudlet assignment problem with sys-
tem parameters (Gp, Ap, D, Thet, Apaas B, 1, ¢, X). By
reducing the number of users to APs, we can significantly
decrease the computational complexity of the problem,
allowing the algorithm to be run in real time. Further-
more, assigning APs to cloudlets allows users to move
freely in the network, without being tied down to a spe-
cific cloudlet. When a user moves across the network and
connects to a different AP, the user “discovers” his/her
newly assigned cloudlet via AP-to-Cloudlet assignment.

5 SIMULATION

In this section we evaluate the performance of the proposed
algorithms in simulation environments. We begin by explain-
ing the simulation environment setting. We then apply the
proposed algorithms to a wireless network in Hong Kong as a
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TABLE 2
System Parameters
Symbol Definition Default Value
n Number of users 150
m Number of APs 50
K Number of cloudlets 5
l Attachment rate of the network 1.5
i Task arrival rate/workload for 0< A <299
user u;
w; Wireless data-rate between 0.1 <w; <04
user u; and its AP
" Cloudlet/cloud server service rate 10
C Number of servers in each 5
cloudlet
B Internet delay 0.8
A Maximum cloudlet workload 45

case study. We finally evaluate the performance of the pro-
posed algorithms in randomly generated networks.

5.1 Simulation Environment

In our system model, we define a number of parameters for
the K cloudlet placement problem. Each system parameter
has a default value which it is set to, unless the parameter is
the free variable in the experiment.

In each trial, the task arrival rate of user w;, or work-
load );, is determined by the Normal distribution with an
average of 2, and a variance of 0.5. ); is capped at 2.99. w;
is also randomly generated according to the Normal dis-
tribution, with an average of 0.2, variance of 0.1, and
0.1 < w; <0.4. The service rate for cloud and cloudlet
servers is 10, where each cloudlet has five servers. The
Internet delay B is 0.8 which can be expected if the
remote cloud is in another country, and finally the maxi-
mum cloudlet workload \,,,, is 45.

To construct the network delay matrix D; ;, we compute
the distance between each pair of APs in network G in terms
of number of hops, using Dijkstra’s algorithm. Table 2
contains the default values for the system parameters in our
simulation.

5.1.1  Random Network Generation

As part of our evaluation, we tested the proposed algo-
rithms on randomly generated networks. Public data for
wireless network topologies (especially on the scale of
WMAN:s) is difficult to obtain, so some degree of inference
is required when modelling WMAN topologies. The topol-
ogy of the Internet is well known to be a scale free network
(i.e., it follows a power-law degree distribution) [23]. As a
result, it is reasonable to suspect that the network on the
router-level is likewise scale-free. We therefore assume
that a WMAN can be modelled as a scale-free network. In
our simulation, we use the Barabasi-Albert Model [23] to
generate random scale-free networks. A Barabasi-Albert
network generator has two parameters: the number of
nodes (APs) m, and the attachment rate of the network .
Beginning with an initial connected graph of [ nodes, we
add a new node to the network one at a time. Each new
node added randomly “attaches” to a maximum of / nodes
in network, forming a maximum of [ new links. The

Fig. 5. Hong Kong MTR map.

probability of the new node connecting to node ¢, F;, is
determined by the following formula:
ki

Zjev k; 7

where k; is the degree of node ¢ at this moment, and V is
the set of existing nodes in the network. As a result of the
probability function, nodes with higher degree are more
likely to connect to the new node, thereby encouraging
the formation of clusters. The network generator contin-
ues in this manner until there are m nodes in the network.
Each link in the network is assigned a network delay
time: 0.1 <A(0.15,0.05) < 0.2, where N(0.15,0.05) is a
randomly generated number between 0.1 and 0.2, accord-
ing to the normal distribution. This randomizes the delay
in the network while preserving triangle distance inequal-
ity, as any pair of nodes with 2 degrees of separation has
an intermediary distance of at least 0.2. Finally, we ran-
domly assign each of the n users to an AP in the network,
according to the uniform distribution.

P =

5.2 Case Study
Hong Kong is a densely populated city with public WiFi
access in every subway station, as well as most public
areas [24]. In this case study, we imagine that Hong Kong’s
main WiFi service provider HKBN, is planning to provide
cloudlet services to users in Hong Kong. The number of
potential cloudlet locations are limited to the 18 districts in
Hong Kong, each of which has a small network hub inter-
connected, with other district hubs via wired connection.
Fig. 5 shows a map of Hong Kong's districts which we will
use as a template for our WMAN. Although the network
topology is not publicly available, we can infer the wired
connections between each district hub, using the Hong
Kong Mass Transit Railway map to represent wired hub-to-
hub edges in the WMAN.

It is reasonable to assume that the network topology has
a close resemblance to the public transportation infrastruc-
ture. This is mainly due to two reasons: first, public trans-
port stations are often densely populated, and thus are
good candidate locations to set up APs and cloudlets. Sec-
ond, while it is common for connections between network
APs and switches to be wireless, it is often practical to have
wired connections between certain APs, such as those



JIAET AL.: OPTIMAL CLOUDLET PLACEMENT AND USER TO CLOUDLET ALLOCATION IN WIRELESS METROPOLITAN AREA... 733

System Response Time (SRT)

H . 6 8 0 12 14 16 18
Number of Cloudlets

Fig. 6. System response times achieved by cloudlet placement algorithms.

linking network “hubs” for higher bandwidth and reliabil-
ity. Having the broadband cables follow transportation
routes is practical and sometimes necessary, for example,
the Cross-Harbor Tunnel hosts Internet cable connections
between Hong Kong Island and the mainland.

Using publicly available information, we can estimate
task arrival rates of APs Ap based on the user population in
local districts. We then solve the KCP problem with system
parameters (Gp, Ap, D, Tpet, Apazs B, 1, c).

5.2.1 Performance Evaluation of Cloudlet Placement

Algorithms

To evaluate the performance of the proposed Heaviest-AP-
First and Density-Based-Clustering algorithms, we use two
benchmark algorithms: one is a random cloudlet placement
that randomly places cloudlets at K AP locations in the net-
work, and assigns users to their closest cloudlets. Simula-
tion results of the random cloudlet placement algorithm are
the average across 100 trial runs. Another benchmark is the
optimal algorithm, which iterates through all the possible
cloudlet placements and user-to-cloudlet assignments to
find the optimal system response time. As the WMAN in
our case study has a very abstract form with only a limited
number of users and APs, we are able to exhaustively
search for the optimal performance.

In Fig. 6 we study how SRT responds with the increase of
the number of cloudlets in the network. The DBC and opti-
mal algorithms decrease in their SRTs from K =1 to
K =18, before eventually plateauing. When K =1, the
majority of offloaded tasks are further offloaded to the
remote cloud. Adding a single cloudlet decreases the SRT
by 21 percent, and continues to linearly decrease until
K = 6. However after K = 6, there is a sufficient number of
cloudlets placed within the network such that each cloudlet
is able to accept all task requests. As users are able to offload
all their tasks to the cloudlets they assigned, SRT is bounded
from below by wireless and network latency between users
and cloudlets, causing SRT to plateau. This suggests that
after a certain number of cloudlets have been placed, the
placement of additional cloudlets will follow the law of
diminishing returns in terms of SRT.

The DBC algorithm delivers a near optimal performance,
with its SRT of only 11 percent greater than that of the
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Fig. 7. Visual comparison of cloudlet placement positions for each place-
ment algorithm when K = 5.

optimal one on average. The HAF algorithm, on the other
hand, has a lackluster performance with an average SRT of
34 percent greater than the optimal one, while the random
placement, trails even further behind the proposed algo-
rithms, with an average SRT of 46 percent larger than the
optimal one. The performance of the HAF algorithm is quite
poor when K is small, in between the range 3 < K <7, the
SRT achieved by the HAF placement is even worse than that
by a random placement. To gain a better understanding of
why this is the case, we visually compare the cloudlet place-
ments produced by the proposed algorithms when K = 5.

It can be seen from Fig. 7c that the HAF algorithm places
the majority of cloudlets near the epicenter of the network
where there are the most users. This strongly differs from the
optimal placement seen in Fig. 7b, where cloudlets are more
evenly distributed in the network. In cloudlet placement by
the HAF algorithm, some users at the edge of the network
have a distance of up to three AP hops before reaching their
closest cloudlets, where as in the optimal placement, each
user is no more than a single AP hop away from its closest
cloudlet. The highly clustered placement of cloudlets pro-
duced by the HAF algorithm also underlines a weakness in
the Closest-User-to-Cloudlet assignment, the outer layers of
the cloudlet cluster will absorb most of the offloading
requests from users in the outer regions of the network,
while the inner cloudlets may receive much fewer user task
requests. An example of this can be seen in Fig. 7c, the cloud-
let at p; only serves its own users, as user requests from the
outer network are blocked by the surrounding cloudlets.
This can lead to imbalanced workloads among cloudlets,
resulting in an SRT even worse than that in the random
placement. On the other hand, the DBC algorithm avoids
clustering cloudlets together, by removing users at the AP of
the cloudlet location at the end of each placement iteration.
As a result, the cloudlet placement delivered by the DBC
algorithm is much closer to the optimal one, with only a dif-
ference of one cloudlet placement site.
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Fig. 8. System response time achieved by user-to-cloudlet assignment.

5.2.2 Performance Evaluation of User-to-Cloudlet
Assignment Algorithms

The workload of user requests in a WMAN usually is
highly volatile, while the cloudlet placement is static. As
a result, it is important that the proposed user-to-cloudlet
assignment algorithm consistently delivers low SRTs
when the underlying cloudlet placement is incongruent
with user demands. We now evaluate the two proposed
user-to-cloudlet assignment algorithms, the closest-cloud-
let-first assignment algorithm (CCF), and the relative dis-
tance assignment algorithm (RD).

In Fig. 8a, we look at the proposed assignment algo-
rithms when given a random cloudlet placement in a net-
work. On average, the closest-cloudlet-first assignment
achieves an SRT 9 percent greater than the optimal assign-
ment's SRT, whereas the relative distance assignment
achieves an SRT of 7 percent on average. It can be seen that
in the range 4 < K < 11, the RD assignment is slightly bet-
ter than the closest-cloudlet first assignment due to its load
balancing heuristic.

The RD assignment usually assigns users to their closest
cloudlets, and only occasionally assigns users to their alter-
native cloudlets when necessary. This allows the RD assign-
ment to perform almost as well as the CCF assignment in
most cases, and outperform the CCF assignment when
cloudlet resources are limited, and cloudlet placement is
less than ideal. With the growth of K, the CCF once again
approaches the optimal performance as a surplus of cloud-
lets makes load balancing less important.

In Fig. 8b we look at the mean of the SRTs delivered by
the two proposed user-to-cloudlet assignment algorithms,
when three cloudlets have been placed, and the user popu-
lation is randomly distributed within the network. We
repeated the simulation 100 times, each with a new ran-
domly generated user population to simulate snapshots of
users as they move around the network. We recorded the
maximum and minimum SRTs for both algorithms to show
the value range of SRTs delivered by both algorithms. As
can be seen, although the mean SRT delivered by the RD
assignment algorithm is only marginally smaller than that
of the CCF assignment algorithm, the range of the delivered
SRTs is much smaller, indicating that the RD assignment
algorithm is less sensitive to user mobility compared to the
CCF assignment algorithm.

& 083

System Response Time (SRT)

Closest-Cloudlet-First Assignment Relative Distance Assignment

(b) Assignment algorithm SRT mean and range

In summary, the mentioned case studies have shown a
number of things. First, a strategic placement of cloudlets at
APs is very important to reducing the system response time.
Both the HAF and DBC algorithms outperform the random
placement benchmark. By visually examining the place-
ments, there are evidences to suggest that a well distributed
cloudlet placement is preferable to a dense cluster of cloud-
lets at the network epicenter. Second, there appears to be a
point at which the placement of additional cloudlets in the
network follows the law of diminished returns. Finally,
while the CCF assignment is effective when applied on top
of an optimal cloudlet placement, volatile user demands can
lead to unbalanced workloads among the cloudlets. Our case
study simulation results have suggested that the RD assign-
ment is a robust alternative to the CCF assignment.

5.3 Performance in Randomly Generated Networks
To further evaluate the performance of the cloudlet placement
algorithms, we study the impact of system parameters on the
performance of the proposed algorithms. Simulation results
are the average across 100 randomly generated networks.

In Fig. 9a, we examine how the SRT delivered by our algo-
rithms changes with the growth of the number of mobile
users, while the number of APs remains to be fixed. With the
increase on the number of users, the SRTs of all the three algo-
rithms increase, due to heavier work loads on them. After an
inflection point at 32 users, the SRT begins to plateau. The
inflection point indicates that the cloudlets have become over-
loaded and are offloading a fraction of tasks from them to the
remote cloud. Since we assume that the cloud has an infinite
computing capacity, more tasks will be offloaded to the cloud
when more and more users make use of the cloudlet services
in the WMAN. Because the wait time of tasks at the cloud is
constant, this causes the SRT of the WMAN to plateau the
number of users in the WMAN increases.

In Fig. 9b, we compare the SRTs delivered by the two
algorithms when normalized against the optimal SRT. The
normalized SRT allows us to track the performance deliv-
ered by both algorithms in relation to the optimal one. The
HAF and DBC algorithms begin with the performances of
44 and 65 percent respectively, and in general, the DBC
algorithm significantly outperforms the HAF algorithm.

In Fig. 9c, we study the impact of the number of servers c
on each cloudlet on the SRT of the proposed algorithms.
With the growth of the number of servers in each cloudlet,
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Fig. 9. Results for simulation sets (a)-(j).

the SRT of the optimal solution drops and quickly plateaus spends in the cloudlet queue. Once the cloudlet queue time
after three servers. This is because increasing the number of ~becomes negligible, adding more servers to each cloudlet
servers only reduces the average amount of time a task has very little effect on the SRT.
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In Fig. 9d, we compare the normalized SRT delivered by
the two algorithms as we increase the number of servers per
cloudlet. The performance of the HAF algorithm starts with
54 percent and increases to 73 percent of the optimal one,
and reaching the same normalized SRT as the DBC algo-
rithm. This is because as the number of servers increases,
balancing user workload amongst the cloudlets becomes
less important as cloudlets are capable of handling higher
loads. As the HAF algorithm guarantees that each user is
assigned to its closest cloudlet, the HAF algorithm may
have an advantage over the DBC algorithm when cloudlet
resources are abundant.

In Fig. 9¢, we investigate the impact of the service rate
of cloudlets and the remote cloud on the performance of the
proposed algorithms. Similar to increasing the number of
servers on a cloudlet, the increase on the computing capac-
ity of the cloud/cloudlet will decrease the SRT of the
WMAN. The system response time eventually becomes pla-
teaus, as it bounded from below by network delay.

As seen from Fig. 9f, the DBC algorithm begins with a
normalized SRT of 79 percent, but slowly decreases to
70 percent. The HAF algorithm, on the other hand, begins
with only a normalized SRT of 54 percent, but with the
increase of cloudlet computing capacity, its performance
eventually overtakes that of the DBC algorithm, which is
similar to the results in Fig. 9¢, as the cloudlet server capac-
ity increases, each cloudlet has more than sufficient comput-
ing capacity to handle its workload, load balancing becomes
less important. The DBC algorithm may be at a disadvan-
tage compared to the HAF algorithm, as it occasionally
assigns users to far away cloudlets to maintain the average
workload balance across the cloudlets. The HAF algorithm,
on the other hand, always sends user requests to their clos-
est cloudlets, thereby minimizing the network delay.

Fig. 9g studies the impact of the maximum cloudlet load
Amaz On the performance of the proposed algorithms. Ini-
tially, when A, = 0, the cloudlets offload all tasks to the
cloud, resulting in all the three algorithms with the same
SRT. As the value of A, increases, the SRTs by the DBC
algorithm and the optimal one decrease to a local minimum
at roughly A, = 80, and then steadily increase again when
Amaz- From this, it can be seen that setting an optimal maxi-
mum cloudlet workload is an important issue. That is , a
maximum workload that is too strict will limit the benefit of
the cloudlet to users, while an unrestricted maximum work-
load may cause the SRT to be excessively long.

In Fig. 9h we compare the normalized SRT delivered by
the two algorithms with the growth of A, from which it
can be seen that the DBC algorithm maintains a steady per-
formance of roughly 82 percent, while the performance of
the HAF algorithm monotonically decreases. This suggests
it becomes even more important to assign mobile users to
cloudlets evenly with the increase of A4,

Fig. 9i studies the impact of the tolerable network delay
threshold 7),.; on the performance of the proposed algo-
rithms. As T,.; is only used in the DBC algorithm, increasing
Te: has no effect on the optimal algorithm and the HAF algo-
rithm. When T,,.; = 0, the set of candidate users for each AP
is limited to the users wirelessly connected to the AP. As a
result, the DBC algorithm has exactly the same cloudlet
placement as the HAF algorithm when 7;,.; = 0. Despite this,

it can be seen that the DBC algorithm still delivers a better
SRT than that of the HAF algorithm, indicating that the DBC
algorithm has a more robust user-to-cloudlet assignment.
The SRT delivered by the DBC algorithm decreases and
reaches a local minimum when T),.; = 0.3. It then steadily
increases with the increase of the value of T}, reflecting a
decline in delivered performance. It is evident that with the
increase of T,,;, the set of candidate users for each AP will
eventually include all the users in network. At this point the
placement of cloudlets will essentially be random. As a
result, finding an appropriate 7),.; is an important concern
when applying the DBC algorithm to the KCP problem.

To conclude, we can expect the DBC algorithm to deliver
a lower SRT than the HAF algorithm in most network envi-
ronments. However, as seen in Fig. 9¢, the HAF algorithm
can outperform the DBC algorithm occasionally if the
cloudlet computing capacity is disproportionately greater
than the user workload arriving at the cloudlet. As such, the
HAF algorithm may be recommendable for a small WLAN
setting, where there are only a limited number of users and
there is an emphasis on premium quality of service. How-
ever in most WMAN settings where cloudlets are a public
utility, we can expect service providers to be more con-
scious of placing cloudlets in a cost-effective way. As a
result, the proposed DBC algorithm is more appropriate for
cloudlet placement as well as user-assignment to APs in
WMANEs, due to its consistently high performance.

6 CONCLUSION

Cloudlets are an important technology that provide perfor-
mance improvement to many mobile applications. So far,
very little attention has ever been paid to cloudlet place-
ment in WMAN:S. In this paper we showed that the strategic
placement of a limited number of cloudlets in a WMAN can
significantly improve the performance of mobile user appli-
cations. We presented an efficient algorithm for solving the
cloudlet placement problem. We also conducted experi-
ments through simulation to evaluate the performance of
the proposed algorithms. The simulation results demon-
strated that the proposed algorithm is very promising. As
this paper mainly focused on the system response time
related to the positions of the cloudlets to be placed, there
are other important issues that need further investigations
in future. For example, the relationship between the total
cost of cloudlet placement and the system response time.
There are two main costs associated with cloudlets: the cost
of their deployments and the cost of their maintenance/
replacement. Since the technology applied to cloudlets in
some degree is similar to the one applied to remote clouds,
intuitively, it is reasonable to assume that cloudlets will
have similar costs to that of cloud services. However, there
are key differences between them (such as scale) that will
need to be explored in order to derive an accurate estimate
for cloudlet costs. Furthermore, the cloudlet performance
has already been examined by many researchers in the past
several years, most of the studies concentrated only on one
cloudlet and small number of mobile users. In reality, the
user scalability is an important issue. For example, what is
the impact of the number of mobile users on the perfor-
mance of cloudlets, and can cloudlets adjust their
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workloads quickly with dynamic demands of mobile users?
On the other hand, there is still room for the improvement
of the proposed system model. The current one cannot cap-
ture user movements within the network. Users in real-life
WMANSs are highly mobile, which can result in rapidly
changes of the workloads amongst cloudlets. The improved
system model is expected to be able to follow and predict
user movement within the network.
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