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Abstract—Mobile cloud computing is emerging as a main ubiquitous computing platform to provide rich cloud resources for various
applications of mobile devices. Although most existing studies in mobile cloud computing focus on energy savings of mobile devices by
offloading computing-intensive jobs from mobile devices to remote clouds, the access delays between mobile users and remote clouds
usually are long and sometimes unbearable. Cloudlet as a new technology is capable to bridge this gap, and can enhance the
performance of mobile devices significantly while meeting the crisp response time requirements of mobile users. In this paper, we study
the cloudlet placement problem in a large-scale Wireless Metropolitan Area Network (WMAN) consisting of many wireless Access
Points (APs). We first formulate the problem as a novel capacitated cloudlet placement problem that places K cloudlets to some
strategic locations in the WMAN with the objective to minimize the average access delay between mobile users and the cloudlets
serving the users. We then propose an exact solution to the problem by formulating it as an Integer Linear Programming (ILP). Due to
the poor scalability of the ILP, we instead propose an efficient heuristic for the problem. For a special case of the problem where all
cloudlets have identical computing capacities, we devise novel approximation algorithms with guaranteed approximation ratios. We also
devise an online algorithm for dynamically allocating user requests to different cloudlets, if the K cloudlets have already been placed.
We finally evaluate the performance of the proposed algorithms through experimental simulations. Simulation results demonstrate that

the proposed algorithms are promising and scalable.

Index Terms—Cloudlet placement, cloudlet access delay minimization, mobile user request assignment, mobile cloud computing,

approximation algorithms

1 INTRODUCTION

N recent years, mobile devices have undergone a transfor-

mation from bulky gadgets with limited functionalities to
indispensable everyday accessories. Advances in mobile
hardware technology have led to an explosive growth in
mobile application markets. Although mobile applications
are becoming increasingly computational-intensive, the
computing capacity of mobile devices remains limited, due
to the considerations of weight, size, battery life, ergonomics,
and heat dissipation of portable mobile devices [30]. A pow-
erful approach to enhancing the performance of mobile
applications is enabling mobile devices to offload some of
the workload of mobile devices to remote resource-rich
clouds [18], [39]. Although clouds have rich computing and
storage resources, they are geographically far away from
mobile users. Communication delays between the clouds
and their mobile users thus can be long and unpredictable.
This is especially problematic for mobile applications in
which a crisp response time is critical to their users, such as
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augmented reality, speech recognition, navigation, language
translation, etc. [30], [32]. To reduce this long access delay,
cloudlets were proposed as an alternative solution [30] to
powerful remote clouds. Cloudlets are resource-rich server
clusters co-located with wireless Access Points (APs) in a
local network, and mobile users can offload their tasks to
local cloudlets for processing [8], [30], [33]. As cloudlets are
self-managing, with fewer requirements other than power
and Internet connectivity, they can be deployed in existing
networks, leading them to be viewed as the ‘data centers in a
box’. The physical proximity between mobile users and
cloudlets means that the cloudlet access delay on task off-
loading can be greatly reduced, compared to remote clouds,
thereby significantly improving mobile user experiences.
Most existing studies focused on offloading tasks of mobile
users to cloudlets for energy savings of mobile devices,
assuming that the cloudlets have already been placed [7], [10],
[18], [19], [34], [35], [39]. Little attention has been paid to cloud-
let placements and the impact of different placements on
mobile users. In contrast, we focus on the cloudlet placements
in a Wireless Metropolitan Area Network (WMAN) that pro-
vides wireless Internet coverage for mobile users in a large-
scale metropolitan area, where the WMAN is often owned
and operated by local governments as public infrastruc-
tures [21]. This will bring the following benefits: (1) the metro-
politan area covered by the WMAN has a high population
density, meaning that the cloudlets will be accessible by a
large number of mobile users; (2) due to the network size of
the WMAN, service providers can take advantage of the
economics of scale when offering cloudlet services through
the WMAN, making cloudlet services more affordable to the
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general public. However, placing cloudlets in a WMAN is
challenging. The locations of cloudlets are critical to the access
delays of mobile users and the resource utilization of cloud-
lets, especially in a large-scale WMAN that consists of hun-
dreds and thousands of Access Points, where mobile users
access the cloudlets through their local APs. Due to the large
size of the WMAN, poor cloudlet placements will result in
long access delays and heavily unbalanced load among cloud-
lets, i.e., some of the cloudlets are overloaded while others are
under-loaded and even idle. Therefore, strategically placing
capacitated cloudlets will significantly improve the perfor-
mance of various mobile applications such as the average
cloudlet access delay. We will focus on a novel cloudlet place-
ment problem in a large-scale WMAN, where a cloudlet ser-
vice provider is planning to deploy K (> 1) cloudlets at some
strategic AP locations in a WMAN for mobile user access. The
objective is to minimize the average cloudlet access delay
between the mobile users and the cloudlets serving the users.
The challenge associated with such placements are that: which
cloudlets should be placed to which locations, and which user
requests should be assigned to which cloudlets so that the
average cloudlet access delay among the mobile users is mini-
mized. As the problem is NP-hard, is there any approximation
algorithm with a guaranteed approximation ratio for it? In this
paper we will address these issues.

There are several placement problems in networks such as
cache placements and server placements that have been
studied in the past decades [26], [38]. For example, the cache
placement problem is to choose K replicas or hosting serv-
ices among N potential sites, such that the latency experi-
enced by users is minimized [38], which usually is reduced
to the capacitated K-median problem. Due to the NP-hard-
ness of the latter, there are approximation algorithms for
unsplittable and splittable versions of the problem [6], [23],
where ‘unsplittable” refers to that a user request can be
served by only one data center [6], and ‘splittable’ indicates
that the user request can be served by multiple centers [23].
In spite of some similarities between the cache/server place-
ment problem [26], [38] and the cloudlet placement problem,
they are essentially different. First, existing studies assumed
that either there is no capacity constraint on caches/servers
or the capacity of each cache/server is identical. In contrast,
we here consider cloudlets with different computing capac-
ity constraints, as cloudlets are differently configured to
meet the demands of different applications in the real
world [15], [35]. Second, existing studies simply assumed
that all user requests have identical amounts of resource
demands, while we assume that different user requests may
have different amounts of resource demands. Thus, the exist-
ing solutions to cache/server placement problem [6] may not
be applicable to the cloudlet placement problem. Particu-
larly, the number of user requests in a large-scale WMAN
usually is several orders of magnitudes of the network size,
e.g., there are several million mobile users in a metropolitan
area, compared with only several hundred nodes (access
points) in such a network. Therefore, new algorithms for
cloudlet placement problem must be devised in order to deal
with a large number of user requests and different amounts
of resource demands by different users.

The main contributions of this paper are as follows. We
study multiple cloudlet placements in a large-scale WMAN,
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by formulating a novel capacitated cloudlet placement prob-
lem with the objective of minimizing the average cloudlet
access delay. We first show that the problem is NP-hard, and
propose an exact solution by formulating it as an Integer Lin-
ear Programming (ILP). Due to the poor scalability of the
ILP, we then devise a fast, scalable heuristic. For a special
case of the problem where all cloudlets have identical com-
puting capabilities, we devise two approximation algorithms
with guaranteed approximation ratios, depending on
whether all user requests have identical resource demands
or not. We also propose an efficient online algorithm for
dynamic user request assignment to the cloudlets, provided
the K cloudlets have already been placed. We finally evalu-
ate the performance of the proposed algorithms through
experimental simulations. The simulation results demon-
strate that the proposed algorithms are very promising.

The rest of the paper is organized as follows. Section 2
reviews related work. Section 3 introduces the system
model and problem definitions. Section 4 provides an ILP
solution and a fast yet scalable heuristic. Section 5 devises
two approximation algorithms for the problem when all
cloudlets have identical computing capacities, depending
on whether each user request has different computing
resource demands. Section 6 devises an online algorithm to
assign user requests to different cloudlets if all the cloudlets
have already been placed. Section 7 evaluates the perfor-
mance of the proposed algorithms by experimental simula-
tion, and Section 8 concludes the paper.

2 RELATED WORK

Most existing studies focused on offloading user tasks to
remote clouds by exploring different pricing models and effi-
cient task scheduling [12], [16], [18], [25], [29], [36], [39].
However, the average access delay between users and
remote clouds can be prohibitively long. Instead, cloudlets
deployed in the vicinities of users have been quickly gaining
recognition as alternative offloading destinations due to the
short response time and capability of reducing the energy
consumption of mobile devices [7], [10], [14], [15], [19], [20],
[27], [28], [31], [34], [35], [37]. Cloudlet based mobile comput-
ing now is also referred to as fog computing with the aim to
reduce the access latency between mobile users and remote
clouds, by providing compute, storage, and networking
services within the proximity of mobile users [2], [22]. For
example, the system Odessa [27] was designed to enable
interactive applications on mobile devices while satisfying
crisp response time requirements of applications. Chun
etal. [7] proposed a system CloneCloud that aims to partition
applications between mobile devices and a local cloudlet.
Hoang et al. [14] proposed a linear programming (LP) solu-
tion for task offloading by considering the QoS requirements
of mobile users with an aim to maximize the revenue of ser-
vice providers. Xia et al. [34], [35] devised novel online algo-
rithms for dynamically admitting user requests to a cloudlet.
Cardellini et al. [5] considered that mobile users can offload
their tasks to both remote clouds and local cloudlets at the
same time, and proposed a game theory-based solution. Sim-
ilarly, Gelenbe et al. [11] dealt with offloading jobs between a
local cloud and a remote cloud, by incorporating energy con-
sumption and quality of service (QoS) criteria. Furthermore,
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cloudlets have important impacts on the mobile cloud gam-
ing industry [3], [4]. A cloudlet-assisted multi-player cloud
gaming system [4] was reported, by making use of cloudlets
as caches for video frames. Despite the increasing momen-
tum of cloudlet research, the question of where cloudlets
should be placed within a network has largely been over-
looked. Previous works typically assumed that cloudlets are
used in small private WLANSs such as in campuses, build-
ings, or even at office floors. In such a setting, it can be argued
that the placement of cloudlets is trivial. Wherever the cloud-
let is placed, the small network size implies that the commu-
nication delays between the cloudlets and its users are
negligible. However, the cloudlet placement in a large-scale
WMAN is non-trivial, as there are millions of users with hun-
dreds and thousands of APs in the network. In such a large-
scale WMAN, the average cloudlet access delay between a
user and the cloudlet serving the user could be prohibitively
long, and the user may not be tolerable to such a long delay.
As a result, to minimize the average cloudlet access delay,
developing efficient algorithms for multiple cloudlet place-
ments in the WMAN becomes imperative.

There are two classical optimization problems closely
related to the cloudlet placement problem: the cache place-
ment problem [38] and the server placement problem [26]. The
former is to choose K replicas or hosting services among N
potential sites to minimize the latency experienced by
users [38], and the latter is to place a number of server repli-
cas among some potential locations such that the perceived
delay of users is minimized under a given traffic pattern.
Both of these two problems can be solved by a direct reduc-
tion to the capacitated K-median problem [6]. Intuitively,
the cloudlet placement problem can also be reduced to the
capacitated K-median problem. However, the problem of
concern is essentially different from the two mentioned
problems: one is that there is either no capacity constraints
on cache and servers, or all caches and servers have identi-
cal capacities, while we here assume that different cloudlets
have different capacities and different user requests may
have different computing resource demands. Another is
that directly adopting the approximation algorithm in [6]
for the cloudlet placement problem in on a large-scale
WMAN will result in poor scalability, by treating each user
request at each AP as a virtual user request, since the num-
ber of user requests in the network can be several orders of
magnitudes of the network size.

3 PRELIMINARIES

In this section we introduce the system model, define the
problems precisely, and show the NP-hardness of the
cloudlet placement problem.

3.1 System Model

We consider a WMAN G = (VU S, E) consisting of many
APs and a set of potential locations for cloudlets, where V' is
the set of APs and S is the set of potential locations of cloud-
lets, and F is the set of links between two APs or between an
AP and a cloudlet at a location in S. Denote by n and m the
numbers of APs and links in V' and FE, respectively, i.e.,
n = |V|and m = |E|. For each AP v; in V, let w(v;) represent
the expected number of user requests using the AP to access
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Fig. 1. AWMAN G = (V; E) with K = 3 cloudlets.

cloudlets in the network, which is a positive integer. As APs
usually are deployed at strategic locations such as shopping
malls, train stations, schools, libraries, etc., the number of
user requests w(v) at each AP v per unit time can be esti-
mated by the population density in that area, or the historic
AP access information through a linear regression tech-
nique. Let R; be a set of user requests at AP v; with
w(v;) = |R;|, and different user requests in R; may have dif-
ferent amounts of computing resource demands. Denote
by 7, a user request in R; with the computing resource
demand y,, in G. In addition, for each link (v;,v) in E,
denote by dj the data transmission latency between its two
endpoints (APs) v; and v;.

Assume that there are K cloudlets to be placed to K dif-
ferent locations in S. For simplicity, we assume that the
cloudlets will be co-located with some APs, i.e., S C V. We
further assume that K < |S| and each cloudlet C; has lim-
ited computing resource to process user requests. Let ¢; be
the computing resource capacity of C; with 1 <i < K.
Given the K placed cloudlets, mobile users can offload their
tasks to the cloudlets through their local APs. If a cloudlet is
co-located with an AP, the users at that AP will have the
minimum cloudlet access delay of the users; otherwise, the
user requests at that AP must be relayed to nearby cloudlets
for processing, resulting in a cloudlet access delay due to
the accumulative delay of multiple hop relays. Fig. 1 illus-
trates a WMAN network.

3.2 Problem Definitions

The capacitated cloudlet placement problem in a WMAN
G = (VUS, E) is defined as follows. Given the network G,
a set {C1,Cy,...,Ck} of K (>1) cloudlets with capacities
ci, ¢, ..., ck, respectively to be placed to K locations in a set
S of potential locations with S C V, a set R; of user requests
at each AP v; € V, the number of user requests w(v;) in R;
(i.e., w(vj) = |R;]), and the computing resource demand y,,
of each user request 7, € R;, assume that the delay of data
transmission on links in E is defined as d: E—RZY, the
problem is to place the K cloudlets to the K locations in S
such that the average cloudlet access delay between the
mobile users and the cloudlets serving their requests is min-
imized, subject to that the accumulative computing resource
allocated to all user requests in each cloudlet is no more
than its capacity, where the cloudlet access delay dj
between a user request at AP v; € V and a cloudlet at
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TABLE 1
Symbols

Symbols Notations

G=(VUS,E) a WMAN that consists of a set V' of APs and a set S of potential locations for cloudlets

n (= |V]), m (= |E)) the numbers of APs in V and links in F

v an APin V

Rjand ry, a set of user requests at AP v; and a user request in the set

Vm the computing resource demand of user request 7,

Ymin and Ymax

the minimum and maximum computing resource demands of all requests

pand p,, p="rmtand p,, =

w(v) an integer weight of AP v that represents the number of user requests at v

K and C; the number of cloudlets that need to be placed into G and the cloudlet C;

€1, €2y, CK the computing capacities of the K cloudlets

G =(V,FE) a complete metric undirected graph in the metric K-median problem with K centers
v, eV alocation in V', and there is a client at location v,

dij the service cost for the center at location v; serving the client at location v;

il a binary variable, where p; implies that cloudlet C; is placed at location v; € S

Zim an indicator variable that show whether request r,, is assigned to cloudlet C; for processing
Zij the number of user requests at AP v, that are sent to cloudlet C; for processing

Ny a basic unit (block) of the number of user requests of each AP

nj (= [w(v;)/No)

the number of units that each AP v; has

d(=[¢/No) the capacity of each cloudlet C; in terms of units of requests

Gy = (Vy, Ey) an auxiliary complete graph from the original graph G = (V, E)
v}, v?, o v;"’ a set of n; virtual nodes for each AP v;

n; the number of split blocks of each AP v;, and

n, and B the total number and the set of blocks of all APs in V'

e = (vf,v}) (€ Ey)
' user requests

1= {7:17 i27 () 7'K}

Gr=({s}uBUIlU{t} Ey)

a edge between nodes v} and U]y-, and its weight is the delay between v; and v; for transmitting N,

the set of locations where K cloudlets are placed
an auxiliary flow graph build from Gy = (Vi Eyy)

fand f* a flow from s to ¢ in G’y and an integral minimum cost maximum flow in G’y
D(f*) the cost of flow f*
D; the total delay incurred by the assignment of n; Ny user requests at AP v;

J j j
€ = max, cy{Trt}

i €V Tw(v7)/No]

8 _N
rand t* the average cloudlet access delay by algorithm Appro-Extension and the optimal solution
7 and 7* the average cloudlet access delay by algorithm Appro through treating each request r, as p,, virtual

user requests and the optimal one

location v; is the length of the shortest path between them.
In other words, the problem is to identify K locations from
|S| (> K) potential locations and place the K cloudlets and
to determine at which location each cloudlet C; with capac-
ity ¢; should be placed such that the average cloudlet access
delay of user requests is minimized.

Assume that the K cloudlets have already been placed
into the K locations of S in G=(VUSE), let
S ={v1,v9,..., vk} € S with cloudlet C; being placed at
location v; € S’, user requests with different computing
resource demands arrive at the system dynamically. Since
the number of user requests at each AP v; may vary over
time, the workloads of different cloudlets are different over
time, some of them may be overloaded while others are
under-loaded or idle. Assuming that time is slotted into
equal time slots, the arrived user requests in the system will
be assigned to the K placed cloudlets for processing in the
beginning of each time slot ¢. Let w(v;,t) be the number of
arrived user requests at AP v; at time slot ¢. The dynamic user
request assignment problem is to assign user requests from dif-
ferent APs in V' to the placed K cloudlets in the beginning of
time slot ¢ such that as many user requests as possible are
assigned to the cloudlets while the average access delay
among all assigned requests is minimized.

Table 1 summarizes the symbols used in this paper.

3.3 NP-Hardness

We show the capacitated cloudlet placement problem is NP-
hard by a polynomial reduction from another NP-hard
problem—the metric K-median problem. Given a complete
metric undirected graph G’ = (V',E’) with one client at
each location v; € V7, the service cost d;; for the center at
location v; serving the client at location v;, and K centers,
the metric K-median problem is to place the K centers into K
locations in V” such that the total service cost of serving all
clients to their centers is minimized [6].

Lemma 1. The capacitated cloudlet placement problem in a
WMAN G = (V U S, E) is NP-hard.

Proof. We reduce the metric K-median problem to the
capacitated cloudlet placement problem as follows. Con-
sider the metric K-median problem in a given metric
complete graph G' = (V',E’). We construct a WMAN
G=(VUS,E) from G, where V=V, S=V' and
E = F'. There is an AP at each location v; € V' with only
one user request there. We now consider placing K
cloudlets with identical capacity c into G (i.e., ¢ = |V|). In
other words, there is no capacity constraint on each
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cloudlet. We can see that an optimal solution to the capaci-
tated cloudlet placement problem in G also is an optimal
solution to the metric K-median problem in G'. Since the
metric K-median problem is NP-hard [6], the capacitated
cloudlet placement problem is NP-hard too. O

4 ALGORITHM FOR THE CAPACITATED CLOUDLET
PLACEMENT PROBLEM

In this section we first provide an integer linear program
solution, and then devise a fast, scalable heuristic for the
capacitated cloudlet placement problem.

4.1 Integer Linear Programming Formulation
We here formulate the capacitated cloudlet placement prob-
lem as an ILP. We first define a set of decision variables.
Recall that, in the capacitated cloudlet placement problem,
K cloudlets need to be placed into K different locations in a
set S of potential locations ina WMAN G = (V U S, E), such
that the average access delay of user requests is minimized,
while meeting the computing demands of each user request.
This is equivalent to decide which cloudlets are placed to
which locations in S, and which requests are assigned to
which cloudlets for processing. We thus use a binary deci-
sion variable p; to indicate whether cloudlet C; will be
placed to location v; € S, where p; = 1if cloudlet C; is placed
at v; py = 0 otherwise, for all 7 and [ with 1 <i < K and
1 <1< |S]. Similarly, we use an indicator decision variable
Tim; tO indicate whether a user request r,, € R; will be
assigned to a cloudlet located at v; for processing. That is,
Tim; = 1if 7, € R; is assigned to the cloudlet at location w;;
and 0 otherwise. Let z;; be the number of user requests at AP
v; that are assigned to the cloudlet at location v;. Clearly,
ZrmeRj Lim; = Zji- Notice that, different user requests in R;
may be assigned to different cloudlets for processing. We
thus have 0 < z; < w(v;) and Z}i‘l zj = w(v;), where w(v;) is
the number of requests at AP v;, i.e., w(v;) = |R,|.

Recall that dj is the length of a shortest path between
v; € V and v; € S in terms of the accumulated delay of its
edge delays. The objective of the capacitated cloudlet place-
ment problem is to minimize the average cloud access delay
of the requests of all APsin V, i.e.,

VI <18l
Zj:1 =1 2

minimize , (@)
V] _
j=1 w(vy)
subject to the following constraints
15|
Zp” =1 for each cloudlet C;,1 <1i < K, (2
=1
K
Zp“ <1 for each location v; € S, 3

i=1
Z xlmj = Zjl for each AP’U]' e V,
7’7,1672]‘ (4)
and each location v; € S,
5]
zjp = w(v))
=1

for each APv; € V, (%)
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_ K
gl < sz‘z for each v; € V and v, € S, (6)
’LU(’U]*) =1
n K
Z Z Y * Tim; < Zpi[Ci for each v; € S, ()
=1 rmeR; i=1
pil € {07 1}7 (8)
xlm] < {07 1}7 (9)
zp €4{0,1,...,w(v))}, (10)

where constraint (2) ensures that each of the K cloudlets is
placed at only one location in S, and constraint (3) ensures
that at most one cloudlet is placed at any location v; € S. Con-
straints (4) and (5) jointly ensure that all user requests from
each AP v; will be assigned to cloudlets for processing, while
constraint (6) ensures that whenever some user requests at
AP v; are assigned to location v;, then, one of the K cloudlets
must be placed at location v;. Constraint (7) ensures that the
total allocated computing resources to the user requests proc-
essed by each cloudlet is no more than its capacity.

4.2 Heuristic Algorithm

The ILP solution is only applicable when the problem size is
small; otherwise, it suffers from poor scalability. We here
develop a fast, scalable solution as follows. We assume that
the K cloudlets have been sorted in decreasing order of
their capacities, i.e., cloudlet C; has a capacity ¢; with ¢; >
Co > ... 2> CK.

To minimize the average cloudlet access delay without vio-
lating computing capacities of cloudlets, each cloudlet should
be placed to a location that can ‘cover” as many user requests
as possible. The heuristic proceeds iteratively to find the next
location for the next cloudlet placement. Within iteration 4,
assume that cloudlets C},C5,...,C;_; have already been
placed to locations vy, vs,...,v;—1, respectively. Cloudlet C;
then will be placed to a location v; that have not been occupied
by any placed cloudlet, i.e., v; € U; = S\ {v1,v9,...,v;_1}. To
find such a location v;, for each potential location v; € Uj, the
minimum sum D;; of delays of the user requests assigned to
cloudlet C; is calculated if C; is placed at location v;. Cloudlet
C; will be placed to a location with the minimum value of Dy;s,
i.e., v; = argmin,, ey, { Dyt }. The calculation of Dj; for each loca-
tion v; is as follows.

The APs that have requests to be assigned are first sorted
in increasing order of delays between the APs and a poten-
tial location v; of cloudlet Cj, i.e., d;; for each such an AP v;.
The first least r APs in the sorted AP sequence with the sum
of the resource demands by their remaining user requests
being no less than the capacity ¢; of C; is identified. All the
user requests from the first  — 1 APs and some of the user
requests from the rth AP will be assigned to C;. In particu-
lar, to determine which user requests at the rth AP should
be assigned to C; for processing, all user requests at the rth
AP are sorted in increasing order of their computing
resource demands. The sorted user requests are assigned to
C; one by one until the capacity ¢; of C; reaches. As a result,
D;; is the sum of delays of the user requests assigned to
cloudlet C; at potential location v;. The detailed algorithm is
described in Algorithm 1.
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Algorithm 1. Greedy_Heuristic

Input: A WMAN G(V US, E), the set of user requests R; at
each AP v; € V and the computing resource demand y,,
of each user request r,,, € R; with w(v;) = |R;|, the com-
munication delay d(e) of each edge e € E, K cloudlets
with capacities ci, ¢z, ..., and cg, respectively, and the
set S (C V) of potential locations for the K cloudlets.

Output: The placement locations of the K cloudlets.

1: L — {); /* the set of placed cloudlet locations */

2: Compute all pairs of shortest paths for each pair of APs
in G;

3: Sort the K cloudlets by their capacities in decreasing order.
Cloudlet C; has a capacity ¢;and ¢; > ¢2 > ... > cg;

4: fori — 1to K do

5:  /*Place cloudlet C; with capacity ¢; to an unoccupied
location*/

6:  U; — S\ L; / * the set of potential locations */

7:  for each potential location v; € U; do

8: Sort the APs with to-be-allocated user requests in
increasing order of their access delays d;; between AP
vj and location v; of cloudlet Cj;

9: Find the first 7 APs in the sorted AP sequence such that
the sum of the resource demands of the user requests
in these APs is no less than the computing capacity ¢;

of Cl

10: Assign the user requests from the first 7 — 1 APs to
cloudlet C; at location vy;

11: Sort the requests at the rth AP in increasing order of
their computing resource demands;

12: Allocate a subset of user requests at the rth AP to
cloudlet C; until its computing capacity ¢; is met;

13: Let D;; be the sum of delays of the requests assigned to
the cloudlet C; at location v;;

14:  end for

15:  Place cloudlet C; at the location v; with the minimum
sum of delays, i.e., v; = argmin, ¢, { Dyt };

16: L~ LU{v};

17: end for

18: return L.

Theorem 1. Given a WMAN G = (VU S, E), a set R; of user
requests at each AP v; € V, a set of user requests R ; at each v;
with w(v;) =|R,|, and K cloudlets Cy,Cs,...,Cx with
capacities ¢y, co, ..., cx, respectively, there is a fast, scalable
algorithm for the capacitated cloudlet placement problem,
which takes O(Kn? logn + nm) time, assuming that w(v) <
miny<;<{c;} for any v € Vand 1 < K <|S| < |V|, where
n=|V|and m = |E|.

Proof. It can be seen that the solution delivered by Algo-
rithm 1 is a feasible solution since all user requests at
each AP v; € V are assigned to cloudlets and the number
of user requests assigned to each cloudlet C; is no more
then its capacity ¢;. In the following we analyze the time
complexity of Algorithm 1.

Let ny = |V| +|S| and m = | E| be the number of nodes
and edges in G. Finding all pairs of shortest paths in G
takes time O(n}logni +mnym) = O(n? logn +nm), by
applying Dijkstra’s algorithm for single-source shortest
paths for all source nodes in V' U S, where the time com-
plexity of Dijkstra’s algorithm is O(n; logn; + m logn,) [9].
Algorithm 1 proceeds iteratively and one of the K
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cloudlets will be placed within each iteration. When it pla-
ces cloudlet C; within iteration ¢, identifying a location
v; € S\ {v1,vq,...,v,1} for cloudlet C; placement takes
O(K -|S]-|V]1og |V]) = O(Kn? logn) time as |S| < |V] = n.
The time complexity of Algorithm 1 thus is
O(n? logn +nm + Kn? logn) = O(Kn? logn +nm). O

5 APPROXIMATION ALGORITHMS WITH IDENTICAL
CLOUDLET CAPACITIES

In this section, we deal with a special case of the problem
where all K cloudlets have identical capacities ¢ and devise
two approximation algorithms with guaranteed approxima-
tion ratios depending on whether all user requests have iden-
tical computing resource demands or not. We start with each
user request having identical resource demands, we then
show how to extend this solution to the general case where
different user requests may have different resource demands.

5.1 An Approximation Algorithm with Identical
Resource Demands

For simplicity, we assume that each request has one unit
computing resource demand (e.g., one virtual machine
(VM)) [30]. That is, y,, = 1 for each user request r,, € R; at
each AP v;. Even for this special case, the problem is still
NP-hard, which can be reduced from the capacitated
K-median problem, by assuming that each AP has only one
user request. Intuitively, this problem can be solved by
applying an approximation algorithm for the capacitated
K-median problem [6] in a graph, where the graph is
derived from G by replacing each AP node v; in G with
w(vj) virtual AP nodes and each virtual AP node has a sin-
gle user request. However, finding a solution in such a
large-scale graph is painstaking, since each AP may have a
large number of user requests (e.g., the network size is sev-
eral hundreds, while the number of mobile users can be
over millions). In the following we will devise a fast yet scal-
able approximation algorithm for the problem by adopting
a novel scaling technique.

The capacitated K-median problem. Given a set of locations
U with each location j € U having a demand w; > 0, K cen-
ters with identical service capacity M, and the service cost
d;; for a center at location 4 serving one unit demand from
location j, the capacitated K-median problem is to find K dif-
ferent locations in U to place the K centers and allocate the
demand w; of each location j € U to one of the K placed
centers such that the total service cost is minimized, subject
to the capacity constraint on each center // and demand ser-
vice constraint that the demand from a location j € U must
be served by only one center, where the service costs are
non-negative, symmetric, and satisfy the triangle inequality.

Theorem 2. [6] There is an approximation algorithm for the
capacitated K-median problem in the metric space, which
delivers an approximate solution with an approximation ratio
16 in the service cost, while the total demand served by each
center is no more than four times of its capacity M.

We now devise an approximation algorithm for this spe-
cial capacitated cloudlet placement problem with identical
resource demands. Our strategy is to reduce the problem
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to the capacitated K-median problem, an approximate solu-
tion to the latter will form a base of the approximate solu-
tion to the former through a proper transformation.
According to Theorem 2 that if the number of user requests
from all APs is polynomial of the number of APs n in the
WMAN, this special case of the capacitated cloudlet place-
ment problem can be reduced to the capacitated K-median
problem, by replacing the w(v;) user requests at each AP v;
with w(v;) virtual nodes, and each virtual node has only
one user request. An approximate solution to the latter in
turn returns an approximate solution to the former. How-
ever, the number of users in a WMAN typically is several
orders of magnitudes of the network size n, which makes
the user request assignment become a painstaking job.
In the following we propose a scaling technique to speed up
the user request assignment to cloudlets.

Let Ny be a basic unit (a block) of the number of user
requests to be allocated to a cloudlet, where NN is an integer
with 1 < Ny < minﬂ]ev{w(vj)}, and we further assume that
Ny <c. Thus, each AP v; € V' will have n; = [w(v;)/No)J
units. Similarly, each cloudlet C; will have a capacity of
¢ = [¢/Ny] units. Given the original graph G = (V, E), the
number of user requests at each AP w : V' N, the data trans-
mission delay between every two APsd : E+— R=", and the K
cloudlets with identical capacity ¢, an auxiliary complete
graph Gy = (Vy, Ey) is constructed as follows. For each AP
v; with w(v;) user requests, n; = |w(v;)/Ny| virtual nodes

1,2

n .
v}, 05, ...,v;’ are added to V; with each as a source node of

demand 1. There is an edge e in Ey for each pair of virtual
nodes v} and vj in V7. The weight of edge e = (vf,v}) € Ey is
the accumulated delay between APs v; and v; in G of Ny user
requests (i.e., Nyd;;) between them if v; # v;, and 0 otherwise.
The problem then is to place the K cloudlets with identical
capacities ¢ in Vi to cover all source nodes such that the
weighted sum of the edges between the placed cloudlets and
their covered source nodes is minimized. This is the capaci-
tated K-median problem, which can be solved by an approxi-
mation algorithm due to Charikar et al. [6].

Having the approximate solution, a feasible solution to
the original problem then can be obtained. That is, the K
cloudlets will be placed at the K locations provided by
the approximate solution. For each AP v; with n; =

lw(v;)/ Ny virtual nodes v}, o?,... v}/

v} is allocated to a cloudlet at location i in the approxi-

mate solution, then N, user requests at AP v; will be
assigned to the cloudlet, where 1 <1 < n;. The remaining
w(vj) — No-n; (< Np) user requests at AP v; will be
assigned to a nearest cloudlet with the minimum accumu-
lated access delay among the cloudlets at which the vir-

tual nodes v!,v? v’ are allocated. The detailed

5 Uy, U
algorithm is given in Algorithm 2.

in Gy, assume that

5.2 Approximation Algorithm with Different
Resource Demands

We now consider another special capacitated cloudlet place-

ment problem where all cloudlets have identical capacities

but different user requests may have different resource

demands, and how to extend algorithm Appro for this spe-

cial capacitated cloudlet placement problem.
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Algorithm 2. Appro

Input: a WMAN G(V, E), the number w(v;) of user requests at
each AP v; € V, the delay d(e) of each edge e € E, K
cloudlets with each having a capacity ¢, and a positive
integer Ny with 1 < N, < min,ujev{w(vj)} and Ny < c.

Output: The placement locations of the K cloudlets.

1: Construct an auxiliary graph Gy = (Vyy, Eyy) from G;

2: Find an approximate solution to the capacitated K-median
problem in Gy (Viy, Ey), by applying the algorithm due to
Charikar et al. [6];

3: Place the K cloudlets to their corresponding locations in the
found approximate solution;

4: For each virtual node v} derived from AP vj, assign Ny user
requests at AP v; to the cloudlet at which U]/ is allocated in
the approximate solution;

5: Assign the rest of w(v;) — Nyn; user requests at AP v; to the
nearest cloudlet at which the n; virtual nodes of AP v; are
allocated.

Recall that the computing resource demand of each
request 7, € R; of AP v; is y,,. We modify the proposed
approximation algorithm Appro for this general case of dif-
ferent resource demands. Let y,,,, and y,,;,, be the maxi-
mum and minimum amounts of computing resource
demands among user requests, respectively. Without loss of
generality, we assume that p = % is a given constant and
the computing resource demand y,, of each request r,, is
divisible by y,,;,. Specifically, we treat each user request ,,

as p,, (=) virtual user requests 1), 7),,...,7,,, With

Ymin
each having identical demands y,,;,,. We then apply algo-
rithm Appro for all virtual user requests with identical com-
puting resource demands. That is, all virtual user requests
at each AP v; will be divided into a number of blocks, and
each block contains exactly NNy virtual user requests. The
solution delivered may not be a feasible solution to the orig-
inal problem, since the computing resource demands of a
user request may be split into different cloudlets for proc-
essing. To obtain a feasible solution, we modify the solution
by merging the virtual user requests derived from a user
request to one of their allocated cloudlets. We distinguish
the merge into three cases.

Case 1: All the virtual user requests of a given user
request 7, are contained in a single block, which means that
all virtual user requests in that block will be assigned to a
single cloudlet for processing. Nothing needs to be adjusted
in this case.

Case 2: The virtual user requests of r,, are contained in
multiple blocks, and all these blocks are assigned to a sin-
gle cloudlet. In other words, all virtual user requests of 7,
are processed by a single cloudlet. We thus do nothing in
this case.

Case 3: The virtual user requests of r,, are contained in
multiple blocks, and these blocks are assigned to different
cloudlets. In this case, we adjust the allocations of virtual
user requests to ensure that all virtual user requests of r,,
are allocated to one cloudlet as follows. Assume that the vir-
tual wuser requests of r, are contained in blocks
bty .. bmi, ..., byr, and all virtual user requests in block b,
is assigned to cloudlet C; with1 <! < Land 1 <[ <L < K.
We further assume that cloudlet Cj, is the cloudlet that
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max
ﬂllo

requests of user request 7, where Toly = max{t, | 1<

ml

results in the maximum access delay 7,/* by some virtual

I < L}. We then merge the virtual user requests of r,, from
all other cloudlets and assign them to Cj,. The details of the
proposed algorithm is described in Algorithm 3.

Algorithm 3. Appro-Extension

Input: a WMAN G(V, E), a set R; of user requests at each AP
vj € V, the number w(v;) of user requests in R;, the
computing resource demand y,, for each user request
rm € R;, the delay d(e) of each edge e € E, K cloudlets
with a uniform computing capacity ¢, and a positive
integer N, with 1 < N < min,, EV{w(vj)} and Ny <ec.

Output: The placement locations of the K cloudlets.

1: Let y,,;, and y,,,, be the minimum and maximum resource
demands of a single user request at any AP in V;
2: foreach AP v; € V do

3:  for each of user request r,, € R; do

4: Construct Y2 virtual user requests with each having
the computmg resource demand y,,;,, assuming that
Y. is divisible by y,,;,;

5:  end for

6: end for

7: Find a solution for the K cloudlets by invoking algorithm

. 1 Ym_
Appro, where each AP v; contains ZrmeR, - virtual user

requests with each having computing resource demand
Ymins
8: for each AP v; € V do
9:  Letbui,bma,---,bmi,- ., by the set of blocks that contain
the virtual requests of r,, and each block has been
assigned to a cloudlet in the found solution;

10:  /* merge all virtual user requests of a user request from
different cloudlets to the cloudlet with the maximum
access delay from the AP in which the request is */;

11:  if any of these L blocks is assigned to a different cloudlet
then

12: Identify the cloudlet Cj, with the maximum access

delay in processing the virtual user requests of r,,
ie., rz”j,o =max{t, | 1 <I< L}, where 7, is the
delay between the virtual requests in block b,, and
the cloudlet to which they will be allocated;

13: Merge all virtual user requests that were allocated to
other cloudlets to cloudlet Cj,.

14:  endif

15: end for

5.3 Algorithm Analysis

The rest is to analyze the approximation ratios of the two
proposed algorithms Appro and Appro-Extension as
follows.

We start by analyzing the approximation ratio and time
complexity of algorithm Appro. Let G' = (V',E';d') be a
graph that is identical to the original graph G = (V, E;d),
ie,V' =V,E =FE,and dgj = d;; for any two APs v; and v;
in V. However, assume that the number of user requests at
each AP vy in G” is [w(v;)/ Ny | Ny, which is no more than the
number of user requests w(v;) at AP v; in G, ie,
lw(v;)/No] Ny < w(v;). We then deploy K cloudlets in net-
work G’ while the capacity of each cloudlet C; now is set at

[%1No, mot c. It is obvious that [{-] Ny > c. For each AP vy

2873

in G, we can split its |w(v;)/No]Ny user requests into
n; = |w(v;)/Ny) blocks with each block containing exactly
Ny user requests. We consider two types of allocations of
user requests blocks: one is that each user request from a
block is allowed to be allocated to any cloudlet; and another
is that the whole Ny user requests of each block must be
allocated to a single cloudlet but the user requests in differ-
ent blocks can be allocated to different cloudlets. In the fol-
lowing we show that the costs of the optimal solutions to
these two types of request allocations are equal.

Theorem 3. Denote by OPT; and OPI; the costs of the optimal
solutions to these two types of the special cloudlet placement
problem in graph G' = (V',E';d’) respectively, we have
OPT, = OPTs.

Proof. It can be seen that OPI} < OPI5, since the optimal
solution to the second type is a feasible solution to the
first type one. The rest is to show that OPI; < OFT;.
Denote by X; and X, the optimal solutions to the first
and second types of request allocations, respectively.
Assume that the K cloudlets are placed at locations
i1,192,...,1x in solution X;. Recall that the |w(v;)/Ny| Ny
user requests at AP vy have been split into

n; = |w(v;)/Ny] blocks with each block containing Ny

requests exactly. Let n, = ZU]EV n; be the number of

blocks in G’ that can be represented by bi,bs,...,0b,,,
respectively. Let B = {by,bo,...,b,, } be the set of n,
blocks and I = {i,149,...,ix} the set of the K cloudlet
locations in solution X;.

We construct an auxiliary flow graph Gy = ({s} UBU
TU{t}, Ey) from the n, blocks in B and the K locations
in I as follows. There is a directed edge in £ from source
s to each block b; € B with capacity 1 and cost d; = 0.
For each block b; € B and each location 4; € I, there is a
directed edge in £} from b; to ¢; with capacity 1 and cost
d]l =dyNy (i.e., the total delay of transmitting the N
user requests from block b; to the cloudlet located at 4;).
Furthermore, there is an edge in £; from each location
i € I to sink ¢ with capacity [ -] units and cost dj, =

Given a flow f from s to ¢ in graph G, the cost of the
flow is defined as ). By e d/. Following the assumption

that the number of user requests in G is no more than the
total capacity of the K cloudlets, i.e., Zujev w(v;) < K-
we then have n, = Zwev lw(v;)/NoJ < K[5], and the
value of a maximum flow in G from s to ¢ is n,.

The minimum cost maximum flow problem in G is to find
a maximum flow from node s to node ¢ with the mini-
mum cost [1]. From the optimal solution X; to the first
type of request allocation, we can construct a fractional
maximum flow f (not necessarily having the minimum
cost of the flow) to the minimum cost maximum flow
problem in Gy, i.e., for the N, user requests in each block
bj, assume that x;; user requests of the NNy requests are
allocated to the cloudlet located at i € I, the fractional
flow f;; from block b; to location 4 is ;,i; It can be easily
verified that the cost of this fractional flow is OPT;. On
the other hand, the capacity of each edge in graph G/ is
integral. Following the well-known integrality property
for the minimum cost maximum flow problem [1], there
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is an integral minimum cost maximum flow f* for the
problem. That is, for each block b; € B and each location
i; € I, the flow f7 from b; to 4 is elther 0 or 1 as the capac-
ity of edge (b;,4;) is 1. Denote by D( f*) the cost of flow f*,
ie, D(f*) = ZeeEf fr-d!. Then, D(f*) < OPT}, since the

solution X; is a feasible solution to the minimum cost
maximum flow problem in G;. Also, we know that this
integral maximum flow f* corresponds to a feasible solu-
tion with cost D(f*) to the second type of request alloc-
ation. As X, with cost OPI5 is an optimal solution to
the problem, then OPT, < D(f*). Therefore, we have
OPT, < D(f*) < OPI}. We thus have OPT, = OPIy. O

Theorem 4. Given a WMAN G = (V, E) with w(v;) user

requests at each AP v; € V and K cloudlets with identical
capacity of ¢, assume that each request takes a unit of computing
resource. There is an approximation algorithm, Algorithm?2,
for the special cloudlet placement problem with identical
resource demands, which delivers a solution with the average
access delay of 16(1 + €)-optimal, while the accumulated com-
puting demand by each cloudlet is no more than 8(1 + 8)c. The

n

time complexity of the algorithm is O((>_}_, n,)"), where

€= maxl,jev{m} <1,8= @ <1, Ny is a positive inte-

ger with 1 < Ny < minngv{w(vj)}, No<¢ n;= Lu,(vvg)j for
all jwith1 < j < n.

Proof. We first analyze the approximation ratio of Algo-

rithm 2 as follows. Denote by OPI the optimal (or mini-
mum) total delay for the special capacitated cloudlet
placement problem in G(V, E). Denote by OPTy the opti-
mal total service cost for the capacitated K-median prob-
lem in the auxiliary graph Gy (Vi, Ev).

Following the construction of Gy and Theorem 3, OFPIy;
is no more than OFT as the number of user requests n; Ny
at each AP v; in Gy is no more than the number of user
requests w(v;) at AP v; in G, ie., [w(v;)/No| Ny < w(v;),
and the capacity [-| Ny of each cloudlet in Gy is no less
than the capacity c of the cloudletin G, i.e., [NLU] Ny > c. Fol-

lowing Theorem 2, the cost (or the total delay) of the
approximate solution delivered by the approximation algo-
rithm for the capacitated K-median problem in graph Gy, is
no more than 16 - OPIy. Denote by D; the total delay
incurred by assigning the n;Ny user requests at AP v; to
their allocated cloudlets in the approximate solution. Then,
Z’UJ-EV D; <16 - OPTy. Since the rest w(v;) — n;jNy (< Ny)
user requests at AP v; are assigned to their nearest cloudlet
among the cloudlets to which the n;/N; user requests are
allocated, the total delay incurred by these w(v;)— n;Ny

user requests is no more than NU ’ Therefore, the
total delay by assigning all user requests to the K cloudlets
is no more than ZngV(Dj +%) = ZU ev Di(1+ ) <
(14 ¢ Z,U],E‘,Dj < (14 ¢€¢16-0OPTy < (1 + €)16 - OPT
where € = maXU]EV{le} = maxvjev{m} S 1.

We then show that the number of user requests served
by each cloudlet in the solution by Algorithm 2 is

no more than 8(1 -+ §)c, where § = AU < 1. Following
Theorem 2, the number of user requests allocated to each
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cloudlet is no more than 4[] No < 4(5 + 1)No = 4(1 +

VO)c = 4(1 + 8)c in the approximate solutlon delivered by
the approximation algorithm in [6]. We show that after
having assigned the rest w(v;) —n;Ny (< Ny) user
requests from each AP v; to the cloudlets, the number of
user requests served by each cloudlet is no more than
twice the number of user requests prior to this assign-
ment. Assume that for a deployed cloudlet Cj, it pro-
cesses user requests from APs wv;,vs,...,v, before
assigning the remaining user requests. Following Algo-
rithm 2, cloudlet C; will process no less than N, user
requests from each of these p APs. Since there are no
more than Ny remaining user requests at each of the p
APs, the number of user requests assigned to cloudlet C;
thus is no more than 8(1 + §)c.

We finally analyze the time complexity of Algorithm2.
It can be seen that Gy = (Vi Byy) contains ny = Z;L:l n;

W edges, where n; = Lw;\;o] >J and

nodes and my =
1 < j < n. The time complexity of Algorithm 2 is domi-
nated by invoking the approximation algorithm for the
capacitated K-median problem in Gy [6], while the run-
ning time of the latter is dominated by the time of finding
an optimal solution to the liner programming relaxation of
the capacitated K-median problem. Given an LP, it is
shown that there is an algorithm with time complexity
O(n35L) for calculating its optimal solution, where n, is
the number of variables in the LP and L is the number of
bits in the input of the LP [17]. Following [6], there are
n, = ny +my variables in the LP of the capacitated
K-median problem and the number of bits in the input
L is O(ny +my). Therefore, the time complexity of
Algorithm 2 is O(n?°L) = O((ny + my)** (ny + my)) =

O((ny +my)"*?) = O(my®) = O(n) = O(Lj ny)"). O

Notice that if the capacity of each cloudlet is not allowed
to be overloaded we may set the capacity of each cloudlet
to 5% instead of ¢, then apply the approximation algo-
rithm t)or this new capacity. Following Theorem 4, none of
the cloudlet will violate its original capacity c.

We proceed by analyzing the performance of algorithm
Appro-Extension by the following theorem.

Theorem 5. Given a WMAN G = (V, E), K cloudlets with iden-
tical capacity of c, a set R; of user requests at each AP v; € V
with different computing resource demands, let w(v;) = |R;],
assuming that the maximum and minimum resource demands
among user requests are y,, ... and y,... respectively, and the
computing resource demand y,, of any user request r,, is divis-
ible by y,,i,- Then, there is an approximation algorithm, algo-
rithm Appro-Extension, for the special cloudlet
placement problem with different resource demands, which
delivers a solution with the approximation ratio of 16p(1 + ¢)
while the total computing resource needed by each cloudlet is

no more than 8p(1 + §) times of its optimal one c. The time
n

complexity of the algorithm is O((>_}_, n;)?), where p = Ymez

Ymin
is an integer, € = max, ev{ /Noj} <1,6= NU <1, Ny <
¢ is a positive integer with 1 < Ny < mrnl,]ev{w( v;)}, and

n; = Lu(v | forall jwith 1 < j < n.
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Proof. We first analyze the approximation ratio of algo-
rithm Appro-Extension. Let 7’ be the average access
delays delivered by algorithm Appro through treating
each user request r,, as Y virtual user requests.

min

Denote by t the average access delay of user requests
delivered by algorithm Appro-Extension. According
to algorithm Appro-Extension, we can see that the
difference between 7’ and t lies in the adjustments of
virtual user requests of a user request that are assigned
to different cloudlets in Case 3. Specifically, when the
virtual user requests of r,, are allocated to multiple
blocks (.e., b1, ... b, - .. byr) and these blocks then are
assigned to different cloudlets, all other virtual user
requests of r, in other blocks will be reassigned to
cloudlet Cj, that accommodates the virtual requests of

7, with the maximum access delay 7). Denote by 7,

the access delay that is experienced by one of the virtual
user request in block b,,. Clearly, we have

ST > Toio - Also, after moving all virtual user
requests of r,, from other cloudlets to Cj, the delay 7,
experienced by user request r,, will be 4%, ie., 7, =

mly 7

Tio - In addition, the number of virtual user requests
Ym

moved to (j, is no more than p,, (= y ) times of the

min

number of virtual user requests in Cj,. The relationship
between 7’ and 7 is analyzed as follows:

L
ST T
= T Ym
Zj:l ZTmGRj Vn:’i’rl
< Z;‘Lzl Zrm€72]' Tg#ﬂl
- z;lzl ZTmER" i

J Ymin

n Max
- Z]’:l ZrmeRj T?’Illg

3 L / maxr
smce Zl:l Tmi > rmlo ’

T e, PP T (1n
n .
z Zj:nl, Zrer; Py since p = 1wz > p
Zj:l ErmeRj P Ymin
X Yer, Ty
P wl(v))
. (12)

0

Notice that the rationale from Eq. (11) to Eq. (12) is
that T/ is the access delay of r,,, by algorithm Appro-

Extension. In other words, we have

< pt, (13)

which means that the average delay will be no greater
than p times of the average access delay 7’ by the solution
achieved through treating each user request r,, as p,, vir-
tual user requests.

Let 7" be the optimal solution to the capacitated cloud-
let problem with identical cloudlet capacities and differ-
ent user resource demands, and 7], be the delay
experienced by request r, in the optimal solution t*.
Similarly, denote by 7'* the optimal solution of the prob-

lem by treating each user request r,, as X2 virtual user
Ymin

the delay experienced by the virtual

/%

requests, and 1,7,
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user request of user request 7, in block b,, in this opti-
mal solution. We now show that 7’ is no greater than *
as follows:

L
B 27:1 ZrmeR]- D121 T

I (1
” Ym
Zj:l Z'V'IMERj Ymin
o D D, T (15)
= Z;Y: . Z?‘m R, P
Z;Lzl Zr €R; T:’L
< IR M nce p, > 1
=TS u) T ao

:f7

where the rationale from Eq. (14) to Inequality (15) is that
the total delay by all virtual user requests is a lower
bound of the total delay of user requests, as the comput-
ing resource demands of a user request may be split into
different cloudlets. Having inequalities (13), (16), and
Theorem 4, we have

< pt’ <16p(1 + €)™ < 16p(1 + €)T*. an

Thus, v will be no more than 16p(1 + €) times of the opti-
mal one t*. That is, the approximation ratio of algo-
rithm Appro-Extensionis 16p(1 + ¢).

We then show the bound of the amount of computing
resource allocated to user requests in each cloudlet. Since
the number of virtual requests of request r, that are
moved to Cj, is no more than p,,, the total computing
resource demands in Cj, will be no more than p,, times its
current one by algorithm Appro. Thus, the total amount
of computing resources allocated to user requests will be
no more than p times of the capacity by algorithm Appro,
ie., 8p(1+é8)c.

The time complexity analysis is similar to the analysis
in Theorem 4, omitted. O

6 ONLINE USER REQUEST ASSIGNMENT

In this section we deal with the dynamic user request
assignment problem so as to minimize the average cloudlet
access delay of mobile users, assuming that the X cloudlets
have already been placed in the WMAN. We also assume
that time is slotted into equal time slots, and user request
assignments will proceed in the beginning of each time slot.
In the following we first devise an online algorithm for such
dynamic user request assignments, and then analyze the
performance of the proposed online algorithm.

6.1 Online Algorithm

The idea behind the algorithm is similar to the one of Algo-
rithm 3, the algorithm is invoked in the beginning of each
time slot ¢. That is, we first create a number of virtual user
requests for each user request at each AP, then reduce the
virtual user request assignment problem to the minimum-
cost maximum flow problem in another auxiliary flow network
@', and finally adjust the virtual request assignments to
ensure that each user request will be assigned to a single
cloudlet for processing. The detailed algorithm is described
as follows.
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Fig. 2. The auxiliary graph G' = (VU S U {a, b}, E).

For each request r,, at AP v;, we first create p,, = y);% vir-
tual user requests 1,7}, 5,...,7, , with each having identi-
cal computing resource demand y,,;,. We then construct a
flow network G' = (VUSU{a,b},E') from the WMAN
G(V, E) and the K cloudlet placement locations, where there
is a “virtual source’ a and a ‘virtual sink’ b in G'. For each AP
vj € V, there is a directed edge in E’ from source a to v; with

capacity >, er; Pm and a cost of 0, while R is the set of user

requests at AP v;. For each AP v; € V and each cloudlet
v; € S, there is a directed edge in £’ from v; to v; with a suffi-
ciently large capacity and a cost of dj; (i.e., the shortest access
delay of assigning a user request from AP v; to cloudlet v;).
Furthermore, for each cloudlet located at v; € S, there is a

) (i.e., the

C?

Vmin
maximum number of virtual user requests that can be proc-
essed by the cloudlet at location v; with its residual capacity
c(t) at time slot t) and cost 0. Fig. 2 shows the construction of
such an auxiliary graph G'. Having G’, the solution to the
problem is to find a minimum-cost maximum flow f* in &,
by applying the algorithm in [1], which then returns a solution
the dynamic user request assignment problem. Specifically,
given the flow f*, we can adjust the assignments of virtual
user requests by merging the virtual user requests of each
user request r,,, that are assigned to different cloudlets to a sin-
gle cloudlet. Assume that the virtual user requests
o> Tmas -« - T, Of @ User request r,,, at AP v; are assigned
toaset of cloudlets C;,, C,, . .., C;,, and the access delay from
v; to Cj, is the minimum one, then, all these virtual requests
will be re-assigned to cloudlet C;, . We refer to this online algo-

rithm as Algorithm Online_Assignment.

directed edge in E’ from v; to sink b with capacity

6.2 Algorithm Analysis
We now analyze the correctness and the time complexity of
the proposed online algorithm by Theorem 6 as follow.

Theorem 6. There is an online algorithm Online_Assign-
ment for the dynamic user request assignment problem in
G = (V, E), where the accumulated computing resource allo-
cated to all assigned requests at each cloudlet C; is no more
than p times its residual computing capacity c, with
1<i< K, where p= %, Ymaz AN Vi are the maximum
and minimum resource demands by a single user request.

Proof. It can be easily verified that the solution delivered by
Algorithm Online_Assignment is a feasible solution,
since each user request is assigned to a cloudlet. In the
following, we show that the total computing resource
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demand by all newly assigned user requests at each
cloudlet is no more than p times its residual capacity at
that time slot.

In the assignment of virtual user requests in auxiliary
graph G’, none of the residual capacity of any cloudlet
has been violated, as the capacity on edge (v;,b) is the
residual capacity of the cloudlet at location v;. However,
merging all virtual user requests of a user request from
the other cloudlets to a cloudlet may violate the residual
capacity constraint of the cloudlet to which all other vir-
tual user requests move. Following Theorem 5, the num-
ber of virtual requests of each user request 7, is no more
than p,,. Thus, the total residual capacity thus will be vio-
lated by no more than a factor of p as p = Znez, ad

Ymin

7 PERFORMANCE EVALUATION

In this section we evaluate the performance of the pro-
posed algorithms, based on both real and synthetic net-
work topologies.

7.1 Experiment Settings

We assume that a WMAN G(V, E) consists of 200 APs in the
default setting, and there is an edge between every pair of
nodes with a probability of 0.02. The network is generated by
a popular tool GT-ITM [13]. We assume that the number of
cloudlets is 10 percent of network size, ie, K =
10% - 200 = 20, and the set of potential placement locations
of the cloudlets is S with S = V. The number of user requests
w(v) at each AP v € V is randomly drawn from an interval
[50, 500] [21]. To evaluate the proposed algorithms in real
scenarios, we also adopt the real WIFI network topology in
the Hong Kong Mass Transit Railway (HKMTR) [15], which
contains 18 APs corresponding to the 18 districts in Hong
Kong, and the number of requests at each AP is proportional
to the population within its corresponding district. The com-
puting resource demand y,, of each user request r,, varies
from 50 to 200 MHz [34], [35]. Let y,,,,, be the total amount of
computing resource demands of all user requests, then
Vsum = Dj1 vy, er, Vm- The capacity of each cloudlet is ran-

domly drawn from 100,000 MHz to ay,,,, MHz with « > 1,
and the sum of capacities of the K cloudlets is no less than
Ysum- The delay of each link in G is randomly generated
between 5 and 50 ms [30]. Unless otherwise specified, these
default parameters will be adopted in our simulation.

We evaluate the performance of proposed algorithms
Heuristic, Appro, and Appro-Extension against other
two heuristics. One places the K cloudlets to APs randomly.
Another places the K cloudlets to the top-K APs, where an
AP is a top-K AP if the number of user requests at it is one
of the top-K values, and the rationale of this heuristic is to
place cloudlets to K ‘hotspot’ (busiest) APs that have more
user requests than others. For the sake of brevity, we refer
to these two heuristics as algorithms Random and Top-K,
respectively. In addition, the optimal solution obtained by
the ILP is referred to as algorithm OPT, which can be found
by applying the tool of Ip_solve [24].

7.2 Performance Evaluation in the HKMTR Network

We first evaluate the performance of algorithms Heuristic
and Appro against that of algorithms Random, Top-K, and
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Fig. 3. The average cloudlet access delays of different algorithms in the
HKMTR network.

OPT for the capacitated cloudlet placement problem, in the
HKMTR network, by setting K = 3 and all the 18 AP loca-
tions being considered as the potential locations of the K
cloudlets. Fig. 3a depicts the curves of the average cloudlet
access delay delivered by algorithm Heuristic, from
which it can be seen that algorithm Heuristic outperforms
algorithms Random and Top-K by 30 and 10 percent in
terms of the average cloudlet access delay, respectively. Fur-
thermore, algorithm Heuristic delivers a near optimal
average cloudlet access delay that is no more than 1.3 times
of the optimal one. Fig. 3b shows the performance of approx-
imation algorithm Appro against the other two benchmark
algorithms, from which it can be seen that algorithm Appro
significantly outperforms its benchmark counterparts.

7.3 Performance Evaluation of Different Algorithms
in Synthetic Networks

We then evaluate the performance of different algorithms in
synthetic networks, by varying the number of APs n from
10 to 1,000, while fixing the ratio of the number of cloudlets
to the number of APs at 0.1, i.e., K/n = 0.1. Fig. 4 plots the
curves of average cloudlet access delays delivered by differ-
ent algorithms, from which it can be seen that algorithm
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Fig. 4. The average cloudlet access delays of different algorithms with
different cloudlet capacities and different resource demands.
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Fig. 5. The average cloudlet access delays of different algorithms with
identical cloudlet capacities and identical resource demands.

Heuristic significantly outperforms algorithms Random
and Top- K, and algorithm Top- K is only marginally better
than algorithm Random. Specifically, the average cloudlet
access delay by algorithm Heuristic is less than those by
algorithms Random and Top-K by 25 and 35 percent,
respectively. In addition, the figure also shows that the aver-
age cloudlet access delay by algorithm Heuristic is no
more than 1.5 times of the optimal one, algorithm Heuris-
tic thusis very promising in practice.

We now study the performance of approximation
algorithm Appro against other heuristics for the problem
when all cloudlets have identical capacities and all user
requests have identical computing resource demands, i.e.,
¥, = 1 for each user request r,,, by varying n from 10 to
1,000 while fixing K /n = 0.1. To evaluate the actual perfor-
mance of algorithm Appro against its analytical result, we
here use a lower bound on the optimal cost of the problem
as an estimation of the optimal delay OPT as this is a mini-
mization problem, where the lower bound is obtained by
solving a linear programming that is relaxed from the ILP
of the problem. It must be mentioned that this estimation to
the optimal solution is very conservative, and the optimal
solution OPT usually is much larger than this estimation.
For the sake of convenience, we refer to OPT_LB as an
estimation of OPT.

Fig. 5 plots the curves of average cloudlet access delays
by algorithms Appro, Heuristic, Top-K, and Random
against the lower bound OPT_LB of the optimal solution. It
can be seen from this figure that the average cloudlet access
delay by algorithm Appro is nearly optimal, which is only
from 5 to 10 percent difference from the optimal one. Fig. 5
clearly indicates that the performance of algorithm Appro
is significantly better than those of algorithms Heuristic,
Top-K, and Random. Specifically, the average cloudlet
access delay by algorithm Appro is 10 to 20 percent less
than that by algorithm Heuristic, and nearly 50 percent
less than those by algorithms Top-K and Random.

We thirdly study the performance of approximation
algorithm Appro-Extension against other heuristics for
the problem when all cloudlets have identical capacities but
different users may request different amounts of computing
resource, by varying n from 10 to 1,000 while fixing
K /n = 0.1. It can be seen from Fig. 6 that the average cloud-
let access delay by algorithm Appro-Extension is less
than those of other algorithms, which is about 10, 40, and
50 percent lower than those of algorithms Heuristic,
Top-K, and Random, respectively. In addition, the solution
by algorithm Appro-Extension is nearly optimal, since
its average cloudlet access delay is only around 10 percent
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higher than that of OPT if n < 50, and 15 percent higher than
that of OPT_LB otherwise. Further, the average cloudlet
access delays by algorithms Heuristic, Appro-Exten-
sion, and Random rise slightly when n increases from 600
to 1,000, because in large-scale networks user requests usu-
ally have a higher probability to be routed to cloudlets via a
longer path.

The rest is to investigate the impact of the number of cloud-
lets K on the performance of different algorithms, by varying
K from 20 to 100 while fixing n at 200. Figs. 7a and 7b illustrate
the curves of the average cloudlet access delays delivered by
different algorithms for the problem with and without the
identical capacity constraint on the K cloudlets, from which it
can be seen that the average cloudlet access delays by algo-
rithms Heuristic and Appro are much smaller than those
by algorithms Top- K and Random. Also, the average cloudlet
access delay by each mentioned algorithm decreases with the
increase of K, since each user request will have more chances
to be assigned to its nearest cloudlet. The similar performance
results of algorithm Appro-Extension can be found in
Fig.7c, omitted.

7.4 Performance Evaluation of the Online Algorithm
We finally investigate the performance of algorithm Online_
Assignment for a monitoring period of 24 hours with each
hour as a time slot and fixing the number of APs in the
WMAN at 200. We consider two arrival patterns of user
requests within the 24-hour monitoring period: (1) the uni-
form user request pattern, where the number of user requests
received at each AP v € V at each time slot follows the uni-
form distribution within an interval [(1 — p)w(v), (1+ p)
w(v)]; and (2) the lognormal user request pattern, where the
number of user requests arrived at each AP during a day usu-
ally starts to rise at around 9:00 am, reaching a peak at around
12:00 pm, and leveling off before 6:00 pm. For simplicity, the
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Fig. 8. The average cloudlet access delays of algorithm Online_
Assignment under two different user request patterns: Uniform and
Lognormal.

uniform user request pattern and lognormal user request
pattern are referred to as patterns Uniform and Lognormal
for short.

Fig. 8 plots the curves of average cloudlet access delays
by algorithm Online_Assignment under two different
user request patterns: Uniform and Lognormal. From
Figs. 8 and 4, it can been seen that the average cloudlet
access delay by algorithm Online_Assignment with
Uniformrequest pattern is only no more than twice that by
algorithm Heuristic. Thus, Fig. 8 indicates that the cloud-
let placements delivered by algorithms Heuristic and
Appro, based on the expected number of user requests at
each AP is also applicable to the case where the user request
fluctuations at APs are insignificant. Also, it can be seen
from Fig. 8 that the average cloudlet access delay by algo-
rithm Online_Assignment with Lognormal has a slight
increase starting from 9:00 am to 6:00 pm, due to the user
request congestion during that period.

8 CONCLUSION AND FUTURE WORKS

Cloudlets have been emerged as an important technology
that can extend the computing capabilities significantly of
resource-constrained mobile devices. In this paper we first
studied the capacitated cloudlet placement problem in a
large-scale Wireless Metropolitan Area Network with the
objective to minimize the average cloudlet access delay
between mobile users and the cloudlets serving their requests.
We then provided an exact solution to the problem when the
problem size is small, otherwise, we proposed a fast yet scal-
able heuristic for it. For a special case of the problem when all
cloudlets have identical computing capacities, we devised
two novel approximation algorithms, depending on whether
identical resource demands by all user requests. We finally

20 40 60 80
K

(a) The impact of K with different cloudlet
capacities

(b) The impact of K with identical cloudlet
capacities and identical resource demands

2 2 ]
8 60 8 60 SERandom $ 60

2 ~5 @2 Random 2 §5 s+ Top-K | 9 é\s 1
= g HTOP—K ) s Gegeu?ostl 53

= 4 GO Heuristic | = ?40 ppro | = %“40 ]

S > i = =

223 £330 T 2330 :
°3 9 i o B8 Random h f
972 o 20 T g 20[5Rm e —
5 10 £ 10 S | o|CONeustie

g 1 . . . g 1 ) ) i g g; "> Appro-Extension ‘

= 100 = 20 40 100 = 100

60 80 20 40 60 80
K K

(c) The impact of K with identical cloudlet
capacities and different resource demands

Fig. 7. The impact of the number of cloudlets K on the performance of different algorithms.
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evaluated the performance of the proposed algorithms by
experimental simulations. The simulation results showed that
the proposed algorithms are very promising. In the future we
will study this problem by investigating the delay impact
between users and their APs.
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