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Abstract—Mobile edge computing (MEC) has emerged as a promising technology to push the cloud frontier to the network edge,

provisioning network services in proximity of mobile users. Serving users at edge clouds can reduce service latency, lower operational

cost, and improve network resource availability. Along with the MEC technology, network function virtualization (NFV) is another

promising technique that implements various network service functions as pieces of software in cloudlets (servers or clusters of

servers). Providing virtualized network service for mobile users can improve user service experience, simplify network service

deployment, and ease network resource management. However, mobile users move in networks arbitrarily, and different users usually

request different services with different resource demands and delay requirements. It thus poses a great challenge to providing reliable

and seamless virtualized network services for mobile users in an MEC network while meeting their individual delay requirements,

subject to resource capacities on the network. In this paper, we focus on the provisioning of virtualized network function services for

mobile users in MEC that takes into account user mobility and service delay requirements. We first formulate two novel optimization

problems of user service request admissions with the aims to maximize the accumulative network utility and accumulative network

throughput for a given time horizon, respectively. We then devise a constant approximation algorithm for the utility maximization

problem. We also develop an online algorithm for the accumulative throughput maximization problem. We finally evaluate the

performance of the proposed algorithms through experimental simulations. Experimental results demonstrate that the proposed

algorithms are promising.

Index Terms—Mobile Edge computing, network function virtualization, VNF instance deployment, virtualized service provisioning, approxi-

mation and online algorithms, delay-sensitive request admission, utility gain maximization, user mobility, cloudlets or edge-clouds, resource

allocations and provisioning in MEC, optimization problems

Ç

1 INTRODUCTION

MOBILE devices, including smart phones and tablets,
gain increasing popularity as communication tools

of users for business, social networking, and personal
entertainment. Meanwhile, more and more computation-
intensive mobile applications with advanced features,
including interactive online gaming, object recognition, and
voice control, are developed for the convenience and experi-
ence of users. However, the processing of computing/stor-
age intensive applications on portable mobile devices is
heavily constrained by limited computation, storage and
energy resources imposed on the mobile devices. Offload-
ing computation-intensive applications to remote clouds
with rich computing and storage resources can leverage the
capabilities of mobile devices significantly. By doing so
however may result in inevitable long response latencies, as

clouds usually are remotely located from their end users,
which degrades the user experience of using the services,
especially for the services with stringent delay require-
ments [23]. Mobile Edge Computing (MEC) as a complement
architecture of clouds, provides cloud services to mobile
users at the network edge, thus shortens the response delay
significantly. The MEC infrastructure can leverage the capa-
bility of mobile devices to offload their application services
to nearby edge-clouds (cloudlets). Thus, the quality of ser-
vice and energy consumption on mobile devices can be
greatly improved [20].

In addition to MEC, another promising technique -
Network Function Virtualization (NFV) has also been envis-
aged as the next-generation networking paradigm [4]. It lever-
ages commodity servers to implement various network
function services as software components in cloudlets, instead
of purpose-specific hardware middleboxes. This introduces a
new dimension of cost savings and deployment flexibility of
network functions [26]. Each network function runs in a vir-
tualmachine, referred to as a VNF instance, hosted in a cloud-
let. Taking a social VR application as an example [31], this
application consists of user devices and virtualized network
functions deployed for each corresponding user in cloudlets.
A virtualized network function stores the user’s personal data
and the data processing logistics. It also deals with the state
updates of the user and computation-intensive tasks, e.g.,
object recognition, visual scene calculations, and interactions
with other users. User devices are only applied for rendering
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the video frames calculated by the VNF instances and track-
ing user behaviors.

Although implementing network functions as VNF instan-
ces in MEC can improve user service experience, simplify
network service deployment, and ease network resourceman-
agement, it poses great challenges: one is the computing
resource capacity constraints on cloudlets, compared to tradi-
tional centralized cloudswith virtually unlimited resources. It
is of paramount importance to optimize the performance of
MEC through judiciously allocating its resources to satisfy the
service demands of as many users as possible. For the sake of
convenience, in this paper we do not consider the storage
resource as it usually is cheap and abundant, compared with
the computing resource. Technically, the proposed algorithms
can be easily modified to take into account additional types of
resources in each cloudlet by considering a high-dimension
bin packing problem. Another is that mobile users usually
have stringent response delay requirements and highmobility
in the network. How to provide reliable and seamless virtual-
ized network services for them while meeting their stringent
delay requirements and highmobility? and how to strive for a
fine tradeoff between allocating resources to individual users
and the overall service satisfactions among the users? In this
paper, wewill address the aforementioned challenges.

It must be mentioned that this paper is an extended ver-
sion of a conference paper in [19]. The main differences
between this journal version and its conference version are
given as follows. We define a new VNF service provisioning
problem to cope with user mobility in MEC networks, i.e.,
the online throughput maximization problem with the aim
to maximize the accumulative number of user requests
admitted for a finite time horizon, and an efficient solution
to the problem is proposed too.

The novelty of the work in this paper lies in the thorough
study of virtualized network service provisioning inMEC, by
jointly considering user mobility and user service delay
requirements. This study is the very first to explore the possi-
bility to sacrifice some benefits of individual users by a tolera-
ble extent for the admissions of more user service requests, by
means of getting rid of some VNF service instances that are
rarely used to make room for the deployment of VNF service
instances for more user requests. A novel metric – network
utility gain based on the submodular function, is proposed for
this non-trivial tradeoff purpose, and an efficient approxima-
tion algorithm with a provable approximation ratio for the
network utilitymaximization problem is developed, based on
the proposed utility metric. Furthermore, a hybrid approach
that combines both proactive and reactive VNF service provi-
sioning is developed to deal with user mobility with the aim
to maximize the number of user service requests admitted for
the dynamic request admission scenario.

The main contributions of this paper are summarized as
follows. We first formulate two optimization problems for the
provisioning of delay-sensitive virtualized network services
in MEC to highly movable users with the aim to either maxi-
mize the network utility gain for a given set of user requests,
or maximize the accumulative network throughput for a
given time horizon when user requests arrive one by one
without the knowledge of future arrivals and the users move
around in the network freely, subject to computing capacities
on cloudlets in the MEC. We then show that both problems

are NP-hard, and instead devise a constant approximation
algorithm for the network utility maximization problem. We
also develop an online algorithm for the online throughput
maximization problem, by adopting a hybrid prediction
mechanism for VNF instance placement. We finally evaluate
the performance of the proposed algorithms through experi-
mental simulations. Simulation results demonstrate that the
proposed algorithms are promising and outperform their
counterparts – the proposed benchmark algorithms.

The rest of the paper is organized as follows. Section 2
reviews related work. Section 3 introduces the system model
and Section 4 formulates novel mobility-aware and delay-
sensitive user request admission problems mathematically.
Section 5 devises an approximation algorithm for the network
utility maximization problem, and Section 6 proposes an
efficient online algorithm for the accumulative throughput
maximization problem. Section 7 evaluates the performance
of the proposed algorithms empirically, and Section 8 con-
cludes the paper.

2 RELATED WORK

As a key-enabling technology of 5G, MEC networks have
gained tremendous attentions in the research community
recently [20].With the emergence of complicated and resource-
hungry mobile applications, offloading user tasks to nearby
cloudlets is an important means to reduce mobile devices’
energy consumption and improve the service experience of
mobile users.

Virtualized network service provisioning in clouds and
MEC has been extensively addressed in literature [3], [7], [11],
[12], [13], [14], [18], [36]. For example, Feng et al. [7] proposed
an algorithmwith performance guarantee for placing VNFs in
distributed cloud networks and routing service flows among
the placed VNFs under the constraints of the service function
chains of requests. Their solution is achieved through a reduc-
tion to reduce the problem to a multi-commodity-chain flow
problem on a cloud-augmented graph. He et al. [11] consid-
ered the problemof joint service placement and request sched-
uling in mobile edge clouds with the aim to maximize the
network throughput, under resource capacity constraints.
They proposed an approximation algorithm for a special case
of the problemwhere both services and cloudlets are homoge-
neous. For the general case, they devised a greedy heuristic
based on linear programming relaxation and randomized
rounding. However, none of these mentioned works consid-
ered usermobility, which is fundamental in service provision-
ing tomobile users inMEC networks.

It must be mentioned that reducing the problem of VNF
placement to cloudlets or its variants to the facility location
problem is a common practice to solve service provision prob-
lems inMEC networks, which has extensive applications [27],
[32], [33], [34], [35]. For example, Xu et al. [34], [35] dealt with
the joint cloudlet placement and request scheduling problem
by reducing the problem to the capacitated facility location
problem. Theydevised scheduling algorithms to assign differ-
ent cloudlets for the demanded services of different requests,
by proposing efficient approximation and online algorithms
with performance guarantees. Santoyo-Gonzalez et al. [27]
studied the edge server placement problem in MEC network
by developing a heuristic algorithm. They formulated amixed
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integer linear program solution, and then reduced the prob-
lem to a capacitated location-allocation problem. They aim to
minimize service access latencies while taking into account
capacity constraints and load balancing of servers. However,
their solution by reducing the service provision problem to
the Facility Location Problem is not applicable in this paper
due the following two reasons. On one hand, in the facility
location problem, each node (customer) can be served by any
site (cloudlet) in the candidate site set, and each site may or
may not have a capacity constraint. In this paper, each user
has its exclusive set of VNF replicas at different locations,
which means a VNF instance is associated with a single user
and cannot serve other users. On the other hand, in the facility
location problem, the demand of a user node can be distrib-
uted tomultiple facilities with any proportion of its demands.
In our problem, each user request is processed by a single
VNF instance among a set of VNF instances assigned to the
user. The number of service replicas deployed for a different
user is different. For those locations with higher mobility
probability, the replicas are very likely to be placed in nearby
cloudlets, while for those with small probabilities may not be
placed at all. To the best of our knowledge, the optimization
problems in this work have not been studied previously, they
are newproblems to be investigated.

Several studies on user mobility in MEC networks have
been taken recently [24], [28], [30]. For example, Ojima
et al. [24] proposed a resource management framework for
mobile edge computing networks, by applying user mobility
prediction. They made use of the Kalman filter to predict the
locations to which mobile users will move, and allocated
resources based on the user mobility prediction. Guan
et al. [10] studied the user mobility problem in a metropolitan
MECnetwork. They devised a randomized algorithm tomini-
mize the number of possible handovers between different
MEC regions (thus minimizing possible delays), by dividing
the metropolitan area into several disjoint clusters. Ouyang
et al. [25] introduced the ‘FollowMe Edge’ concept to migrate
the services among cloudlets to follow user mobility. They
investigated a non-trivial tradeoff between user delays and
costs incurred by service migration via the Lyapunov optimi-
zation technique. Lei et al. [16] proposed a link prediction
model to predict user mobility dynamically. Their model
combined deep neural networks in learning the distributed
representations of networks as well as generative adversarial
networks in generating high-quality weighted links. How-
ever, service migration usually is only applicable for delay-
tolerant services, and is inappropriate for delay-sensitive
applications such as real-time gaming, Virtual Reality (VR),
andAugmentedReality (AR).

To provide reliable and seamless network services with
stringent delay requirements while considering user mobil-
ity, one efficient approach is to replicate the VNF service
requested by each mobile user to a certain number of strate-
gic locations (cloudlets) to where the mobile user is very
likely to move, in order to reduce the response delays to the
requests from the user. The study of provisioning seamless
services in MEC networks is very limited and in its infancy.
The most relevant one is the one in [6], in which the authors
proposed a proactive service migration approach for delay-
sensitive applications to cope with user mobility. They for-
mulated the problem as an Integer Linear Program (ILP)

with the objective to minimize either the QoS degradation
or the cost of replica deployment. This ILP solution however
is not scalable when the problem size is large.

Unlike the aforementioned studies, in this paper we deal
with mobility-aware and delay-sensitive service provision-
ing in MEC networks, through redundant VNF service
instance placement in strategic locations. We are the very
first to explore the possibility to sacrifice some benefits of
individual users by a tolerable extent for the admissions of
more user requests, by means of getting rid of some VNF
service instances that are rarely used (or resulting in a low
utility gain) to make room for the deployment of VNF ser-
vice instances for more user requests. We introduce the net-
work utility concept which is based on a submodular
function for this non-trivial purpose, where the utility gain
is that the overall satisfaction of users use the services pro-
vided for the amount of resource consumed. For the online
case where users can move around within the network
freely, we adopt a hybrid mechanism that combines both
the proactive approach to pre-deploy VNF service instances
to cloudlets to avoid the service response delays and the
reactive approach to migrate existing VNF service instances.

3 SYSTEM MODEL

In this section, we introduce the network model, and related
notions and notations.

3.1 An MEC Network

We consider a metropolitan mobile edge-cloud computing
network (MEC), which is modeled by an undirected graph
G ¼ ðAP [ V;EÞ, where AP is a set of access points (APs)
located at different locations in a monitoring metropolitan
region, e.g., libraries, restaurants, gyms, hospitals, or shop-
ping centers. A set V of cloudlets co-located with some of
the APs, and the cloudlets have limited computing and stor-
age resources to implement virtualized network functions
(VNFs). Notice that the number jV j of cloudlets usually is
no greater than the number jAPj of APs. The communica-
tion delay between an AP and its co-located cloudlet is neg-
ligible. E is the set of links between APs. Each link e 2 E is a
high-speed optical cable connecting a pair of APs. Denote
by Cv the computing capacity of cloudlet v 2 V . Each AP
node is expected to cover a certain area in which mobile
users can access the network through it. In case a mobile
user is located in an overlapping region covered by multiple
APs, the mobile user can choose the nearest AP for its con-
nection. Other strategies can also be adopted such as choos-
ing an AP with the strongest signal strength to connect. For
simplicity, an AP node and its coverage area will be used
interchangeably if no confusion arises. Fig. 1 is an illustra-
tive example of an MEC network.

3.2 User Requests, User Mobility, and VNF Service
Provisioning

We consider provisioning virtualized network function
services to a set U of mobile users in an MEC GðAP [ V;EÞ,
assuming that mobile users are highly movable and request
delay-sensitive services. We term a location as a sojourn loca-
tion of a user when the user moves to that location. Each
user j 2 U at sojourn location lj connects to the MEC
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network via its nearest AP lj, through which the user
requests for a VNF service that is represented by a tuple
rj ¼ hfj;Dj;Mji, where fj is the type of VNF requested, Dj

is the end-to-end delay requirement, and Mj is the mobility
profile of mobile user j.

As users move frequently in the network, let pj;lj denote
the probability of user j moving to location lj. The mobility
profile of user j thus is Mj ¼ fpj;lj j lj 2 APg, which can be
estimated based on the historical movement traces of the
user, by leveraging data mining and machine learning tech-
niques [6], [16], [22]. Let APj be the set of sojourn locations
of user j in the network, i.e., APj ¼ flj j pj;lj > 0 and
lj 2 APg. In a large-scale network, each user usually moves
to only a very limited number of locations of the network.
The cardinality jAPjj thus is not large, and very likely to be
a constant. We further assume that the mobility of different
users is independent, i.e., the movement of one user does
not impact the movement of others.

We assume that resources in cloudlets are virtualized,
using container-based lightweight virtualization technologies,
and thus can be allocated flexibly. Each VNF instance is a
lightweight virtual machine. The VNF instance requested by
a user j 2 U may not be necessarily in the cloudlet attached to
AP lj atwhich user j is located. For the sake of discussion sim-
plicity, we assume that there is only one request associated
with each mobile user. This simplification can be easily
extended to deal with the case where there are multiple
requests from a single user, by treating each of the requests as
a request from a different virtual user, and all these virtual
users in fact are the user. Since mobile users can move arbi-
trarily in the network, when a user moves to a new location,
its end-to-end delay requirement Dj can be violated if its
request is still served by the cloudlet at the previous location
of the user.

3.3 Approaches for Dealing With User Mobility

Considering user mobility in MEC, it is vital to provide reli-
able and seamless VNF services to users with delay-sensitive
applications. There are two approaches to achieve this goal:
the reactive approach and the proactive approach [1], [20], [23].

In the reactive approach [17], [25], there is a correspond-
ing (or a set of) VNF instance(s) in a cloudlet (a set of

cloudlets) for each specified network function service of a
user request. When the user moves to another location,
either the VNF service instance of the user will be migrated
to a nearby cloudlet at the new location, or a new VNF ser-
vice instance for the user will be instantiated at a nearby
cloudlet of the new location for the user to meet his delay
requirement. This method however takes the extra cost and
delay to migrate the existing VNF instance or instantiate a
new VNF instance, which may result in a longer service dis-
ruption. Also, The implementation of this process consists
of several stages [2], [29], such as resource availability
check, file package building, testing and deploying, configu-
ration setup, and dependency installations. The duration of
the whole process takes from several seconds up to a few
hours, depending on types of services.

In the proactive approach [6], the VNF instance of each
service request is replicated to a number of replicas, and the
replicas then are placed to the cloudlets at strategic locations
(i.e., to which the user is very likely to move) in advance to
meet the delay requirement of the user. Adopting this
approach can save the latent service migration time signifi-
cantly. It can be seen that servicemigration is only applicable
for delay-tolerant applications, and inappropriate for delay-
sensitive applications such as real-time gaming and aug-
mented reality. This makes the proactive approach more
appealing, even though it consumes more resources. In this
paper, we will propose a hybrid method that opportunisti-
cally combines both mentioned strategies to cope with user
mobility whilemeeting delay requirements of mobile users.

3.4 VNF Service Replications

To provide reliable and seamless virtualized network func-
tion services to mobile users while meeting their delay
requirements, we adopt a VNF service replication strategy
that pro-actively deploys a set of VNF replicas to a subset of
cloudlets to respond to the request of the user. Each VNF
replica fj;v is a VNF service instance of type fj in cloudlet v
for user j. Among the VNF replicas placed, one serves as
the primary VNF instance and the rest serve as the secondary
VNF instances of the user. Implementing VNF replicas
in cloudlets consumes computing resources of cloudlets.
Denote by cðfjÞ the amount of computing resource con-
sumed by implementing a VNF instance fj in any cloudlet.

3.5 Delay Requirements

In terms of Quality of Service (QoS) of each user, each
request rj of a user j 2 U has an end-to-end delay require-
ment Dj that specifies the maximum response time of
request rj, which consists of the access delay between user j
and its AP, the transmission delay along a path between the
AP and the cloudlet that contains the VNF instance for the
packet processing, and the processing delay in a cloudlet
for the requested service. Denote by daccðljÞ the access delay
between a user j and its AP lj and dproðfj;vÞ the processing
delay of request rj at a cloudlet v. Let P ðlj; vÞ be the routing
path for request rj between its AP node lj and cloudlet v if
its service request will be processed at a VNF instance
located at v. The data transmission delay along path P ðlj; vÞ
is dðP ðlj; vÞÞ ¼

P
e2P ðlj;vÞ dðeÞ, where dðeÞ is the transmission

delay on link e 2 E. The end-to-end delay dðrjÞ of request rj

Fig. 1. An illustrative example of an MEC network that consists of 6 APs
and 3 cloudlets co-located with some of the APs. The VNF instances of
different services are deployed in the cloudlets.
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includes the transmission delay along a routing path, the
access delay daccðljÞ, and the processing delay at cloudlet v,
i.e., dðrjÞ ¼ 2

�
daccðljÞ þ dðP ðlj; vÞÞ

�þ dproðfj;vÞ. To meet the
end-to-end delay requirement of rj, the admission of rj
must have dðrjÞ � Dj, that is

dðP ðlj; vÞÞ � 1

2
ðDj � 2 � daccðljÞ � dproðfj;vÞÞ: (1)

Notice that the access delay daccðljÞ between the mobile
user j and AP lj usually is not taken into account as part of
Dj by several studies [6], [30], [31], because the value of
daccðljÞ varies over time and is determined by the bandwidth
capacity of the AP and the number of users accessing the AP
at the same time. In this paper, we adopt an expected delays
of the AP access by its users based on their historical access
traces to the AP.

3.6 Submodular Function and Network Utility Gain

Let V be a finite set and h a function with h : 2V 7! Rþ0 .
Function h is a non-decreasing submodular function if and
only if it satisfies the following three properties:

1) hð;Þ ¼ 0;
2) Monotonic Increasing Property: for 8X;Y � V with

X � Y , hðXÞ � hðY Þ;
3) DiminishingReturn Property: for 8X;Y � VwithX � Y

and 8a 2 V nX, hðX [ fagÞ � hðXÞ � hðY [ fagÞ�
hðY Þ. In other words, hðXÞ þ hðY Þ � hðX [ Y Þþ
hðX \ Y Þ.

Intuitively, mobile users move to different locations with
different mobility probabilities. If a VNF instance is placed
at each possible location for the user, some of the deployed
VNF replicas will be barely used, thereby leading to poor
resource utilization. Meanwhile, a user satisfaction on the
network services provided by a network service provider
can be captured by a submodular function, which means
the increasing rate of user satisfaction on the service provi-
sioning becomes gradually slower, when the probability of
the delay requirement of the user being met increases from
0 to 100 percent. Thus, for any user, if his requested service
can be met in most cases, then the network service provider
may not necessarily place extra VNF replicas for him to
meet the rest of his requirement. The amounts of saved
resources can be used to accommodate more service
requests for other users. We here explore the possibility to
sacrifice some benefits of individual users by a tolerable
extent for the admissions of more user requests, by means
of getting rid of some VNF service instances that are rarely
used to make room for the deployment of VNF service
instances for more user requests. In other words, from the
perspective of the service provider, it aims to meet user ser-
vice demands in most cases while allowing few user service
delay violations.

A submodular function hð�Þ, which is to indicate the user
satisfaction to VNF services provided by the MEC, can be
adopted to strive for a fine tradeoff between individual user
satisfactions on his requested service and the number of
user requests admitted by the MEC. We refer to this sub-
modular function as the network utility gain function, and we
aim to maximize the accumulative utility gain among users.

Fig. 2 is an example to illustrate the concept of the network
utility gain.

We here adopt a submodular function hð�Þ (¼ log ðxþ 1Þ)
as an illustrative example for the calculation of the network
utility gain of the case in Fig. 2. Assuming that there are two
mobile users j and k moving around in the network, and a
VNF instance for request rj or rk has the computing resource
demand of 100 computing units. In this case, only one VNF
instance for either network functions can be deployed in
each cloudlet. As illustrated by this figure, if one VNF
instance for request rj is deployed in Cloudlet1,AP1 and AP2

will be covered for user j; while if one VNF instance for rj is
also deployed in Cloudlet2,AP3 andAP4 will be covered. For
user k, if a VNF instance for request rk is deployed in
Cloudlet2, AP3 AP4, and AP5 will be covered. Then, the mar-
ginal network utility gain by deploying a VNF instance in
Cloudlet1 for rj is log ð1:85Þ 	 0:888. If we further deploy a
VNF instance for rj in Cloudlet2, the total network utility
gain is log 2 ¼ 1 and request rk cannot be admitted. Alterna-
tively, if we deploy a VNF instance for request rj at Cloudlet1
and a VNF instance for request rk atCloudlet2, then, the accu-
mulative utility gain is log ð1:85Þ þ log ð1:8Þ 	 1:74, which
achieves a higher network utility gain and both requests rj
and rk can be admitted.

4 PROBLEM FORMULATIONS

We consider two mobility-aware user request admission
problems, by provisioning reliable and seamless VNF serv-
ices to mobile users to meet their delay requirements. The
first one is the network utility maximization problem, which
aims to maximize the accumulative utility gain of all admit-
ted requests through the deployment of VNF replicas at
strategic locations for mobile users, subject to the resource
capacities on cloudlets, given the mobility probability infor-
mation of users and the set of users, assuming that the
movement pattern of each user does not change in this mon-
itoring period and we term this scenario as the static snapshot
scenario. However, mobile users typically may move freely
in the network and subject to changes of movement patterns
in the long term. When a user moves to a new location, if
none of its VNF replicas placed into cloudlets can provide
its requested service without violating his delay require-
ment, then either a new VNF instance can be instantiated or

Fig. 2. An example of the network utility gain for requests rj and rk of
users j and k, where both cloudlets have residual computing capacities
100. The mobility probabilities of user j towards different sojourn loca-
tions (marked with the red color) are 45 percent at AP1, 40 percent at
AP2, 10 percent at AP3, and 5 percent at AP4, respectively, while the
mobility probabilities of user k (marked as the blue color) towards differ-
ent sojourn locations are 35 percent at AP3, 25 percent at AP4, and 20
percent at AP5, respectively.
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one of his existing VNF replicas can be migrated to a nearby
cloudlet to meet his delay requirement, providing that there
is sufficient computing resource in that cloudlet to accom-
modate the service resource demands. Meanwhile, existing
users may leave the system when their requests finish and
new users may arrive dynamically. The second problem in
this paper is the online throughout maximization problem
with the aim to maximize the number of user requests
admitted for a finite time horizon, considering user mobility
pattern changes over time. The precise definitions of these
two problems are given below.

Definition 1. Given an MEC G ¼ ðAP [ V;EÞ with a set V of
cloudlets, in which each v 2 V has computing capacity Cv, a set
U of users moving around in the network with each user j 2 U
having a service request rj ¼ hfj;Dj;Mji, assuming that the
movement profile of user j 2 U is given, the network utility
maximization problem is to maximize the accumulative net-
work utility gain of admitted requests, subject to computing
resource capacities on cloudlets. In other words, the problem can
be mathematically formulated as follows. For each user j, at most
one VNF replica fj;v of its requested service can be placed in each
cloudlet v, then all VNF replicas for user j constitute a set
F j ¼ [v2V ffj;vg. Also, all VNF replicas in cloudlet v constitute
a set F v ¼ [j2Uffj;vg. Let F ¼ [j2U;v2V ffj;vg be the set of all
VNF replicas of all user service requests inG.

The routing path P ðlj; vÞ for request rj can be found, by
finding a shortest path inG between its AP node lj and cloud-
let v co-located with another AP in terms of link delays. If
there is a cloudlet v such that a VNF replica of rj can be placed
while meeting its delay requirementDj when user j is located
atAP lj byConstraint (1),we say thatAP lj is covered by cloudlet
v 2 V . Let Sðj; vÞ be the set of APs covered by cloudlet v at
which user j will sojourn. We construct a set system for each
user j 2 U that consists of a collection of sets Sðj; vÞ � APj of
locations covered by deploying a VNF replica fj;v 2 F j in
cloudlet v. In other words, when user j moves to a location
lj 2 Sðj; vÞ, its delay requirementDj can be satisfied by provi-
sioning the requested service at cloudlet v.

Denote by S the set of VNF replicas deployed in the MEC
network so far. Let g0ðfj;v j SÞ be the marginal network util-
ity gain by deploying a VNF replica fj;v into cloudlet v for
the first time. Then,

g0ðfj;v j SÞ ¼
X

l2Sðj;vÞn[v02S\F j
Sðj;v0Þ

�
hðxþ pj;ljÞ � hðxÞ�:

(2)

Recall that hðxÞ is a submodular function, and x is the sum
of mobility probabilities of user j to the locations covered
by the VNF replicas of request rj in S prior to the deploy-
ment of the VNF replica fj;v. Sðj; vÞ n [v02S\F j

Sðj; v0Þ is the
set of locations covered by Sðj; vÞ for the first time (by
deploying the VNF replica fj;v).

The network utility maximization problem is to deploy a
subset F sol � F of VNF replicas one by one, and the accu-
mulative network utility gain by Eq. (2) is maximized, sub-
ject to computing capacity on each cloudlet.

Definition 2. Given a finite time horizon T , an MECG ¼ ðAP [
V;EÞ with a set AP of APs and a set V of cloudlets with each

cloudlet v having computing capacity Cv. The time horizon T is
divided into equal-length time slots. During each time slot t 2 T ,
users can move around within the network or leave the network,
and new users may arrive as well. Thus, users can be classified into
three categories at each time slot t. One set of users leaving from
the network; one set of users whose delay requirements can still be
satisfied when they move around within the network; and one set
UðtÞ that consists of both newly arrived users and existing users
whose delay requirements cannot be satisfied when they move
around within the network. The set UðtÞ of users request instanti-
ating newVNF instances or migrating their existing VNF replicas
to satisfy their delay requirements.The online throughputmaxi-
mization problem is to maximize the accumulative number of
users in set UðtÞ admitted such that their delay requirements are
met at each time slot t for the given time horizon T , subject to com-
puting capacity on each cloudlet inG. Notice that there is no need
to instantiate new VNF replicas or migrate existing VNF replicas
for a user whose delay requirement can be met, and when a user
leaves from the network, his VNF replicas will be removed and the
occupied resource will be released back to the system.

4.1 NP Hardness of Problems

In the following, we show that the two defined optimization
problems are NP-hard.

Theorem 1. The network utility maximization problem in
G ¼ ðAP [ V;EÞ is NP-hard.

Proof. We prove the NP hardness of the network utility
maximization problem by a reduction from a well known
NP-hard problem - the knapsack problem that is defined
as follows. Given a bin with capacity B, and a set A of
items with each item ai 2 A having a specified size
sizeðaiÞ and profit profitðaiÞ, the problem is to find a sub-
set of items packing into the bin such that the total profit
is maximized, subject to the bin capacity B.

We show that an instance of the knapsack problem can
be reduced to an instance of the network utility maximiza-
tion problem. Specifically, the bin B corresponds to a
cloudlet with capacity B, a set A ¼ faig of items corre-
sponds to a set of VNF instances to be deployed. Each VNF
instance ai requires computing resource sizeðaiÞ, and the
amount of profit pðaiÞ received is the network utility gain
hðaiÞ received when the VNF instance is deployed. We
assume that there is only one cloudlet in the network. We
aim to deploy a subset of VNF instances in the cloudlet so
that the network utility gain is maximized, while the total
size is upper bounded by the capacity B of the cloudlet. It
is easy to see a solution to this special case of the network
utility gainmaximization problem is a solution to the knap-
sack problem. Thus, this theoremholds. tu

Theorem 2. The online throughput maximization problem in
G ¼ ðAP [ V;EÞ for a given time horizon T is NP-hard.

Proof. We prove the NP hardness of the throughput maxi-
mization problem for one time slot by a reduction from a
well known NP-hard problem - the Generalized Assign-
ment Problem (GAP) that is defined as follows.

Given a setA of elements and a set B of bins where each
bin bj 2 B has a capacity of capðbjÞ, and each element
ai 2 A has a size sizeðai; bjÞ and a profit profitðai; bjÞ if
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element ai is placed into bin bj, the Generalized Assignment
Problem (GAP) is to place asmany elements as possible inA
into the bins in B such that the profit sum of all placed ele-
ments ismaximized, subject to the capacity of each bin inB.

We show that an instance of the generalized assign-
ment problem can be reduced to an instance of the
throughput maximization problem for one time slot.
Specifically, each bin bj 2 B corresponds to a cloudlet
with capacity capðbjÞ, a set A ¼ faig of items corre-
sponds to a set of requests to be admitted and processed
by their VNF instances at a cloudlet. Each request ai
requires a VNF instance with specified computing
resource cðfiÞ which is the size sizeðai; bjÞ of each item
ai in a bin bj, and the profit profitðai; bjÞ received is 1 if
it is admitted. Here we assume the delay requirement of
each user request is not stringent, thus it can be admit-
ted by provisioning a VNF replica in any cloudlet. We
aim to admit a subset of requests by creating VNF
instances for them assuming there are no existing VNF
instances deployed for them, so that the number of user

requests been admitted is maximized, while the size of
each cloudlet is bounded by its capacity capðbjÞ. It can
be seen that a solution to this special profit maximiza-
tion problem is a solution to the generalized assignment
problem, and the reduction is polynomial.

For each time slot 1 � t � T , there is no knowledge of
future request arrivals beyond time slot t, the online
throughput maximization problem is to admit as many
as requests for the period of T . Clearly, solving this
online problem is at least as hard as solving its offline
version - the throughput maximization problem for one
time slot, the problem thus is NP-hard too. tu
For the sake of convenience, symbols used in this paper

are summarized in Table 1.

5 APPROXIMATION ALGORITHM FOR THE

NETWORK UTILITY MAXIMIZATION PROBLEM

In this section, we study the network utility maximization
problem. We first devise an approximation algorithm for

TABLE 1
Symbols

Symbols Meaning

G ¼ ðAP [ V;EÞ an MEC network with a set AP of access points, a set V of cloudlets, and a set E of links
v and Cv a cloudlet v 2 V and computing capacity of v
e and dðeÞ a link e 2 E and the transmission delay on link e
j, U and rj a user j 2 U with VNF service request rj
lj and APj a potential AP (location) lj of user j and a set APj of potential locations of user j
fj the type of VNF requested by user j
cðfjÞ computing resource consumption by implementing a VNF instance of type fj
fj;v a VNF instance of type fj in cloudlet v for user j
Dj the end-to-end delay requirement of user j
Mj the mobility profile of user j
pj;lj probability of user jmoving to location lj
daccðljÞ the access delay between user j and its AP lj
dproðfj;vÞ the processing delay of request rj at a cloudlet v
P ðlj; vÞ and dðP ðlj; vÞÞ the routing path of request rj between AP lj and cloudlet v and the transmission delay on the path
dðrjÞ the end-to-end delay of request rj
hð�Þ a submodular function for the network utility gain
t and T a time slot t in a finite time horizon T
UðtÞ set of users requesting to instantiate new VNF instances or migrate existing VNF replicas to

satisfy their delay requirements in time slot t
F j all VNF replicas for user j
F v all VNF replicas in cloudlet v
F all VNF replicas for all users in U
F sol all VNF replicas deployed in MEC network
Sðj; vÞ the set of APs covered by cloudlet v at which user jwill sojourn
S the set of VNF replicas deployed so far
Sðk�1Þ and fðkÞ the set of VNF replicas deployed so far, prior to the deployment of the kth VNF replica f ðkÞ
cðSðkÞv Þ accumulative computing resource consumed in cloudlet v by deploying the VNF replicas in SðkÞ
g0ðfj;v j SÞ the marginal network utility gain by deploying a VNF replica fj;v into cloudlet v for the first time
cðf ðkÞÞ a ratio defined for choosing the next VNF replica f ðkÞ to be deployed
gðSðkÞÞ the network utility gain by deploying a set of VNF replicas in SðkÞ
S0 and S00 two candidate solutions, each is a set of VNF replicas to be deployed
gðS0Þ and gðS00Þ the network utility gain by deploying S0 and S00
f and L a time frame consists of L time slots
f 0j;v an existing VNF instance for request rj to be migrated
G0ðtÞ and G0iðtÞ the auxiliary graph constructed for VNF instantiations and migrations in time slot t, and G0iðtÞ

is the auxiliary graph G0ðtÞ in the ith iteration
Hi a maximummatching found in auxiliary graph G0iðtÞ in iteration i
HðtÞ the union of all maximum matchingsHi in time slot t
p̂j;lðfÞ the predicted mobility probability of user j towards location lj in time frame f
W and t W is the width of time frames for user mobility probability prediction, and t is an iteration variable
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the problem, and then analyze the approximation ratio and
time complexity of the proposed algorithm.

5.1 Algorithm

Notice that there is no need to determine to which cloudlet
each VNF replica fj;v should be deployed, as it has already
been scheduled to be placed at cloudlet v. The problem then
is to find a subset of VNF replicas in each cloudlet v that can
achieve the maximum network utility, subject to computing
capacity on each cloudlet. However, VNF replicas in all
cloudlets should be jointly considered as the sojourn loca-
tions covered by the VNF replicas at different cloudlets typi-
cally overlap with each other.

The proposed algorithm proceeds iteratively.
Let Sðk�1Þ ¼ ffð1Þ; fð2Þ; . . . ; f ðk�1Þg be the set of VNF repli-

cas deployed in all cloudlets so far, prior to the deployment
of the kth VNF replica fðkÞ. Sð0Þ ¼ ; initially.

Denote by cðSðk�1Þv Þ the accumulative amount of comput-
ing resource consumptions in cloudlet v by the deployed
VNF replicas in Sðk�1Þ, that is,

cðSðk�1Þv Þ ¼
X

fðiÞ2Sðk�1Þ\F v

cðfðiÞÞ; (3)

and cðSð0Þv Þ ¼ 0 for each cloudlet v 2 V .
The next VNF replica fðkÞ to be deployed in cloudlets is the

VNF instance for a user j with the maximum ratio cðf ðkÞÞ
(assuming that f ðkÞ ¼ fj;v) among all the VNF replicas that
have not been deployed yet, i.e., f ðkÞ 2 F n Sðk�1Þ, and the
computing capacity of the targeting cloudlet v before deploy-
ing f ðkÞ has not been violated, i.e., cðSðk�1Þv Þ < Cv, and cðf ðkÞÞ
is defined as

cðfðkÞÞ ¼ g0ðfðkÞ j Sðk�1ÞÞ
cðf ðkÞÞ ; (4)

where g0ðf ðkÞ j Sðk�1ÞÞ is the marginal utility gain of VNF
instance f ðkÞ when a set Sðk�1Þ of VNF replicas have been
deployed. Notice that the computing capacity of the target-
ing cloudlet v after the deployment of the VNF instance f ðkÞ

may be violated, i.e., cðSðkÞv Þ ¼ cðSðk�1Þv Þ þ cðf ðkÞÞ > Cv. Con-
sequently, cloudlet v may be overloaded, and this case will
be dealt with later.

This procedure continues until no more VNF replicas can
be deployed in any cloudlet without violating its computing
capacity.

Let gðSð0ÞÞ ¼ 0 and define the network utility gain gðSðkÞÞ
by SðkÞ as follows.

gðSðkÞÞ ¼ gðSðk�1ÞÞ þ g0ðf ðkÞ j Sðk�1ÞÞ: (5)

Since the set of deployed VNF replicas SðkÞ \ F v in some
cloudlet v may violate its computing capacity Cv, the candi-
date solution SðkÞ is partitioned into two disjoint subsets: S0

and S00, where set S00 contains the VNF replicas that the addi-
tion of each of them to its assigned cloudlet v will violate the
computing capacity constraint Cv of that cloudlet; and S0 con-
tains the rest of VNF replicas in SðkÞ, i.e., S0 ¼ SðkÞ n S00. Clearly,
S0 \ S00 ¼ ; and S0 [ S00 ¼ SðkÞ. The accumulative network util-
ity gains gðS0Þ and gðS00Þ obtained by sets S0 and S00 then are
compared, and the larger one is chosen as the solution to the
problem. The detailed algorithm is given inAlgorithm 1.

Algorithm 1. An Approximation Algorithm for the
Network Utility Maximization Problem

Input: An MEC G ¼ ðAP [ V;EÞ with a set V of cloudlets each
having computing capacity Cv, and a set U of users moving
around in the network with each user j 2 U having an off-
loading task rj ¼ hfj;Dj;Mji.

Output: A solution to maximize the network utility gain, by
provisioning a set of VNF replicas in cloudlets for the users.

1: Sð0Þ  ;; /* the set of deployed VNF replicas so far */
2: gðSð0ÞÞ  0; /* the accumulative network utility so far */
3: for each cloudlet v 2 V do
4: cðSð0Þv Þ  0; /* the accumulative computing resource being

occupied in cloudlet v so far */
5: end for
6: k 1;
7: U  [j2U;v2V ffj;v j Sðj; vÞ 6¼ ;g; /* U is the set of VNF repli-

cas from all users that can cover some sojourn locations of
users */

8: while U 6¼ ; do
9: Select a VNF replica f ðkÞ 2 U that with the maximum ratio

cðf ðkÞÞ defined in Eq. (4);
10: U  U n ff ðkÞg;
11: if cðSðk�1Þv Þ < Cv for f

ðkÞð¼ fj;vÞ in cloudlet v then

12: SðkÞ  Sðk�1Þ [ ff ðkÞg;
13: gðSðkÞÞ  gðSðk�1ÞÞ þ g0ðf ðkÞ j Sðk�1ÞÞ;
14: cðSðkÞv Þ  cðSðk�1Þv Þ þ cðfðkÞÞ;
15: k kþ 1;
16: end if
17: end while
18: F sol  ;; /* the final solution */
19: Partition set SðkÞ into two disjoint subsets: S0 and S00 with

network utility gains gðS0Þ and gðS00Þ, respectively;
20: if gðS0Þ � gðS00Þ then
21: F sol  S0;
22: else
23: F sol  S00;
24: end if
25: return F sol and gðF solÞ.

5.2 Algorithm Analysis

The rest is to analyze the approximation ratio and time com-
plexity of Algorithm 1. We here abuse the notation OPT
whichwill be used as both the optimal solution to the problem
and the value of the optimal solution. We only pay an atten-
tion to cloudlets that do not have sufficient computing capaci-
ties to accommodate all VNF replicas of all requests, i.e.,
Cv <

P
j2U cðfjÞ; otherwise (Cv �

P
j2U cðfjÞ), VNF replicas

of all requests can be deployed in cloudlet v, and the network
utility gain achieved by cloudlet v is at least as the same as
algorithm OPT . Without loss of generality, we assume that
the computing capacity Cv of each cloudlet v is no greater
than the total resource demand

P
j2U cðfjÞ of all users.

We have the following lemmas and theorem.

Lemma 1. For any VNF replica fðiÞ 2 SðkÞ delivered by Algo-

rithm 1 and for any VNF replica f� 2 OPT n SðkÞ, we have

cðfðiÞÞ � g0ðf� j SðkÞÞ
cðf�Þ : (6)
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Proof. If OPT n SðkÞ ¼ ;, the lemma holds. Otherwise, when
Algorithm 1 chooses a VNF replica f ðiÞ for placement,
for any VNF replica f� 2 OPT n SðkÞ that has not been cho-
sen by Algorithm 1, we have

cðfðiÞÞ ¼ g0ðf ðiÞ j Sði�1ÞÞ
cðf ðiÞÞ � g0ðf� j Sði�1ÞÞ

cðf�Þ (7)

� g0ðf� j SðkÞÞ
cðf�Þ ; (8)

where Ineq. (7) holds due to that f� 2 OPT n SðkÞ,
f� 2 OPT n Sði�1Þ, and Ineq. (8) holds due to the fact that
the marginal utility gain g0ð�Þ is diminishing with the
deployments of more and more VNF replicas. tu

Lemma 2. The network utility gain gðSðkÞÞ delivered by
Algorithm 1 through the deployment of a set SðkÞ of VNF
replicas is gðSðkÞÞ �P

f�2OPTnSðkÞ g
0ðf� j SðkÞÞ.

Proof. Let f�max be a VNF replica with the maximum ratio of
g0ðf� j SðkÞÞ

cðf�Þ for a f� 2 OPT n SðkÞ, i.e.,
f�max ¼ argmaxf�2OPTnSðkÞ

g0ðf� j SðkÞÞ
cðf�Þ . We have

gðSðkÞÞ ¼
Xk

i¼1
g0ðfðiÞ j Sði�1ÞÞ ¼

Xk

i¼1
cðf ðiÞÞ � cðf ðiÞÞ (9)

�
Xk

i¼1

g0ðf�max j SðkÞÞ
cðf�maxÞ

� cðf ðiÞÞ by Ineq. ð8Þ

¼ g0ðf�max j SðkÞÞ
cðf�maxÞ

�
Xk

i¼1
cðf ðiÞÞ

� g0ðf�max j SðkÞÞ
cðf�maxÞ

�
X

f�2OPTnSðkÞ
cðf�Þ

�
X

f�2OPTnSðkÞ

g0ðf� j SðkÞÞ
cðf�Þ � cðf�Þ

¼
X

f�2OPTnSðkÞ
g0ðf� j SðkÞÞ;

(10)

where Ineq. (10) holds due to the fact that for the optimal
algorithm OPT , the accumulated usage of computing
resource in any cloudlet v is no greater than its comput-
ing capacity Cv. However, the accumulated computing
resource consumed in cloudlet v by deploying VNF repli-
cas in SðkÞ \ F v is larger than Cv by Algorithm 1. tu

Theorem 3. Given an MEC G ¼ ðAP [ V;EÞ with a set V of
cloudlets, each cloudlet v has computing capacity Cv, and there
is a set U of users with each j 2 U having a service request
rj ¼ hfj;Dj;Mji, there is a 1

4-approximation algorithm,
Algorithm 1, for the network utility maximization problem,
which takes OðjU j2jV j2jAPjÞ time.

Proof. Following Lemma 2, we have

2 � gðSðkÞÞ � gðSðkÞÞ þ
X

f�2OPTnSðkÞ
g0ðf� j SðkÞÞ

� gðSðkÞ [OPT Þ
� OPT;

(11)

where Ineq. (11) holds since gðSðkÞÞ is the network utility
achieved on SðkÞ, and g0ðf� j SðkÞÞ is the marginal network
utility gain of a VNF replica f� 2 OPT n SðkÞ when the set
SðkÞ of VNF replicas have been placed. Then, we have
gðSðkÞÞ � 1

2 �OPT .
As SðkÞ ¼ S0 [ S00 and the VNF replicas deployed in S0

or S00 do meet the computing capacity constraint on each
cloudlet, we have

gðS0Þ þ gðS00Þ � gðS0 [ S00Þ ¼ gðSðkÞÞ � 1

2
�OPT: (12)

Then, either gðS0Þ � 1
4 �OPT or gðS00Þ � 1

4 �OPT , the solu-
tion delivered by Algorithm 1 is at least 1

4 �OPT since
the algorithm selects the larger one as its solution.

The rest is to analyze the time complexity of Algo-
rithm 1. The algorithm consists of OðjF jÞ ¼ OðjUj � jV jÞ
iterations. Within each iteration, calculating the marginal
network utility gain for each VNF replica in U and identi-
fying a VNF replica f ðkÞ 2 U with the maximum ratio
cðf ðkÞÞ takes OðjF j � jAPjÞ ¼ OðjUj � jV j � jAPjÞ time. In
total, it takes OðjUj2jV j2jAPjÞ time. Partitioning the solu-
tion SðkÞ into two disjoint subsets S0 and S00 and calculat-
ing network utility gains for them take OðjUj � jV j � jAPjÞ
time. Algorithm 1 thus takes OðjUj2jV j2jAPjÞ time. tu

6 ONLINE ALGORITHM FOR THE ONLINE

THROUGHPUT MAXIMIZATION PROBLEM

In the previous section, we considered the deployment of
VNF replicas for user requests based on the mobility proba-
bilities of each mobile user at different sojourn locations,
and we strategically deployed the VNF service replicas of
the user at his/her frequent sojourn locations to maximize
the accumulative network utility gain of all user requests.
However, once a user moves to a non-frequently sojourn
location without his/her VNF service placement, the delay
requirement of the user may be violated, as the requested
service by the user will be performed at another location
(cloudlet) where his VNF service instance has been placed.

In this section we consider a dynamic network service
system, where existing users may leave and new users may
arrive at any time. To allow the system to admit new user
requests and to incorporate existing user mobility pattern
changes, new VNF instances must be instantiated, or some
existing VNF replicas must be migrated to meet the delay
requirements of users. We focus on the provisioning of VNF
services for mobile users in a dynamic service environment
for a given time horizon, where user requests arrive one by
one without the knowledge of future arrivals. We aim to
maximize the accumulative network throughput for this
monitoring period, by developing an online algorithm for
the online throughput maximization problem.

6.1 Overview of the Online Algorithm

The basic idea behind the online algorithm is to divide the
finite time horizon T under two different time scales: the
pre-deployment of VNF replicas occurs in the beginning of
each longer time scale to prevent the system overhead and
instability. We term this time scale as a time frame. While
each time frame can be further divided into equal numbers
of time slots. The VNF instance instantiation and migration
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are performed in the beginning of each time slot to meet
user delay requirements and to support real-time user
mobility. A hybrid approach adopting both proactive and
reactive strategies is proposed. That is, within each time
frame, we adopt the proactive strategy to pre-deploy VNF
replicas, and within each time slot, we adopt the reactive
strategy for VNF instance instantiation and migration.
Without loss of generality, we assume that each time frame
f 2 T consists of L time slots. In the following we propose a
novel online algorithm for the online throughput maximiza-
tion problem.

6.2 VNF Instance Instantiation and Migration
at Each Time Slot t

Given a time slot t 2 f, an MEC network G ¼ ðAP [ V;EÞ
with a set AP of APs and a set V of cloudlets, each cloud-
let v 2 V has computing capacity Cv, and there is a set UðtÞ
of user requests (existing or newly arrived requests) in the
beginning of time slot t. To admit the requests in UðtÞ, we
either instantiate new VNF instances or migrate existing
VNF replicas to the locations of these user requests in
order to satisfy the delay requirements of their users. We
aim to maximize the number of requests in UðtÞ admitted
by reducing the problem to a series of maximum matching
problems in their corresponding auxiliary bipartite graphs
that will be constructed later. Consequently, each matched
edge in a maximum matching corresponds either an
instantiation of a new VNF instance in the cloudlet that is
another endpoint of the matched edge, or a migration of
an existing VNF instance from its current cloudlet to
another cloudlet that is another endpoint of the matched
edge. The detailed reduction is as follows.

For each admitted request rj 2 UðtÞ (in previous time
slots), one of its VNF replica f 0j;v will be migrated from its cur-
rent location at cloudlet v if its removal will result in the mini-
mum loss of the network utility gain, i.e., f 0j;v is the VNF
replica thatwill be least likely to be used among all VNF repli-
casF j deployed for request rj in the near future, that is

f 0j;v ¼ argminfj2F j

�
gðSÞ � gðS n ffjgÞ

�
; (13)

where S is the set of VNF replicas deployed in the network,
and F j is the set of VNF replicas of user request rj.

For each newly arrived user request rj 2 UðtÞ, a new VNF
instance for rj will be instantiated in a nearby cloudletwith suf-
ficient computing resource for the request to satisfy its delay
requirement. To this end, a bipartite graphG0ðtÞ ¼ ðV;UðtÞ;E0Þ
is constructed, where V is the set of cloudlets, UðtÞ is the set of
new and existing user requests in the beginning of time slot t.
There is an edge in E0 between a cloudlet node v 2 V and a
request node rj 2 UðtÞ if instantiating (or migrating) a VNF
replica fj of request rj in cloudlet v does not violate its comput-
ing capacity and the delay requirement. Notice that when a
user leaves from the network for good (or a given period
threshold), all occupied resources by its VNF instances will be
released back to the system in the end of that period.

The algorithm for maximizing the network throughput
through VNF instance instantiation andmigration at time slot
t proceeds iteratively. LetG01ðtÞ ¼ G0ðtÞ initially. Within itera-
tion i, a maximum matching Hi in graph G0iðtÞ is found. The
demanded resource of a new VNF instance or migrating an

existing VNF replica for each matched edge is allocated. All
matched requests in Hi are then removed from UðtÞ. The
available computing resource at each cloudlet is then
updated, and the next auxiliary bipartite graphG0iþ1ðtÞ can be
constructed similarly. This procedure continues until G0iþ1
does not contain any edges. Denote by I the number of itera-
tions of the above proposed algorithm. The union of all maxi-
mum matchings HðtÞ ¼ S I

i¼1HiðtÞ then forms a solution to
the network throughput maximization problem for requests
in UðtÞ at time slot t. Notice that, the proposed algorithm can
be extended to a general case of the problem,where both VNF
instantiation and migration costs can be taken into account,
by finding a minimum weight maximum matching, instead of a
maximum matching, in each weighted auxiliary graph G0iðtÞ
where the VNF migration cost and the instantiation cost can
be assigned to the corresponding edges in the auxiliary graph.
Such a modification is straightforward, the only difference is
the running time, finding a maximummatching in a bipartite
graph with n nodes and m edges takes Oð ffiffiffi

n
p

mÞ time, while
finding a maximum (or minimum) weighted maximum
matching in the bipartite graph takesOðn3Þ time.

The detailed algorithm is given in Algorithm 2.

Algorithm 2. An Algorithm for Throughput Maximiza-
tion of a Set UðtÞ of Requests in Time Slot t

Input: AnMEC G ¼ ðAP [ V;EÞwith a set AP of APs and a set
V of cloudlets each having computing capacity Cv, a set
UðtÞ of user requests that request instantiating new VNF
instances or migrating existing VNF replicas in order to sat-
isfy their delay requirements when they move around in G.

Output: A solution tomaximize the number of admitted requests
in set UðtÞ, by instantiating new VNF instances or migrating
existing VNF replicas, subject to computing capacity on each
cloudlet inG.

1: Identify the VNF instance f 0j;v to be migrated for each exist-
ing request rj in set UðtÞ by Eq. (13);

2: Construct a bipartite graph G0ðtÞ ¼ ðV [ UðtÞ; E0Þ;
3: i 1;
4: G01ðtÞ  G0ðtÞ;
5: HðtÞ  ;;
6: while G0iðtÞ contains edges do
7: Find a maximummatchingHiðtÞ in G0iðtÞ, by an algorithm

for maximummatching [5];
8: Instantiate newVNF instances ormigrate existingVNF rep-

licas from their current host cloudlets to their target cloud-
lets through thematched edges inHiðtÞ;

9: Update the residual amount of computing resource in each
cloudlet v which can be derived from the corresponding
matched edge inHiðtÞ;

10: Remove all requests that have been matched inHiðtÞ from
set UðtÞ;

11: HðtÞ  HðtÞ [HiðtÞ;
12: i iþ 1;
13: Construct the next auxiliary bipartite graph G0iþ1ðtÞ;
14: end while
15: Release the occupied resources by their VNF instances to

the system when users leave from the network for good
(or for a given period larger than a threshold in the end of
time slot t.

16: returnHðtÞ.
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6.3 Online Algorithm

We now propose an online algorithm for the online
throughput maximization problem for a given time horizon
T . The algorithm runs in two time scales: time frames and
time slots. Within each time frame f 2 T , VNF replicas are
pre-deployed based on the mobility probability of existing
mobile users, while in each time slot t 2 f, VNF instantia-
tion and migration are performed to maximize the number
of user requests admitted, where existing users may leave
and new users may arrive, and users can move around in
the network freely.

We start with the user mobility prediction. Specifically, we
adopt the auto-regression method [8] to predict the mobility
probability p̂j;lðfÞ of each user j sojourning at a location
lj 2 AP in the next time frame f 2 T , using historical mobility
traces of user j. LetW bewidth of a timewindow (the number
of time frames per time window) that we use for prediction.
The sojourn duration d

ðf�tÞ
j;l of user j sojourns at location lj (in

terms of the number of time slots) in time frame f� t is
tracked with 1 � t �W . The predicted mobility probability
p̂j;lðfÞ of user j towards location lj is

p̂j;lðfÞ ¼
XW

t¼1
at �

d
ðf�tÞ
j;l

L
; (14)

where at is a constant with 0 � at � 1,
PW

t¼1 at ¼ 1,
at1 � at2 if t1 < t2, and L is the length of each time frame f.

We then perform the pre-deployment of VNF replicas at
each time frame. We finally conduct VNF instance instantia-
tion and migration within each time slot for each given time
frame. This procedure continues until the given time horizon
is covered. The online algorithm is given inAlgorithm 3.

Algorithm 3. An Online Algorithm for the Online
Throughput Maximization Problem

Input: An MEC G ¼ ðAP [ V;EÞ with a set AP of APs and a set
V of cloudlets with each having computing capacityCv, and a
setU of usersmoving around inG for a given time horizon T .

Output:A solution to maximize the accumulative number of
user requests admitted for the time horizon T , assuming
that T is partitioned into the number of equal time frames.

1: for each time frame f 2 T do
2: Predict the user mobility probability p̂j;lðfÞ of each user j

moving to location lj 2 AP in the next time frame f by
Eq. (14);

3: Deploy a set S of VNF replicas for users in U to maximize
the network utility gain, by invoking Algorithm 1;

4: for each time slot t 2 f do
5: /* A set of user requests UðtÞ requesting to instantiate

new VNF instances or migrate existing VNF replicas to
satisfy their delay requirements when their users move
around in the network */

6: Perform VNF instance instantiations and migrations, by
invoking Algorithm 2.

7: end for
8: end for

6.4 Algorithm Analysis

We now analyze the performance of Algorithms 2 and 3
as follows.

Lemma 3. Given an MEC G ¼ ðAP [ V;EÞ with a set V of
cloudlets with each v 2 V having computing capacity Cv, a set
UðtÞ of user requests that request instantiating new VNF
instances or migrating existing VNF replicas to satisfy their
delay requirements when mobile users move to new locations,
there is an algorithm, Algorithm 2, to maximize the network
throughput for a set UðtÞ of user requests in time slot t. The
algorithm takes OðjUðtÞj � jV [ UðtÞj2:5Þ time.

Proof. Following Algorithm 2, within each iteration, a VNF
instance can be instantiated or migrated only if there is suf-
ficient computing resource in the target cloudlet. The com-
puting resource of a migrated VNF replica in its previous
cloudletwill be released back to the system. There are I iter-
ations in total for VNF instance instantiation andmigration,
and the computing capacity constraint on each cloudlet is
not violated at any iteration, the solution delivered by
Algorithm 2 thus is feasible.

The time complexity of Algorithm 2 is analyzed as fol-
lows. In each iteration, the construction of an auxiliary
bipartite graph takes OðjV j � jUðtÞjÞ time. A maximum
matching finding in the auxiliary graph takes OðjV[
UðtÞj2:5Þ time [5]. Algorithm 2 thus takes OðjUðtÞj � jV[
UðtÞj2:5Þ time, as there are I ¼ OðUðtÞÞ iterations. tu

Theorem 4. Given a finite time horizon T , an MEC G ¼ ðAP [
V;EÞ with a set AP of APs and a set V of cloudlets with each
v 2 V having computing capacity Cv, a set U of mobile users
with VNF service requests moving around in the network, a set
UðtÞ of users that request instantiating new VNF instances or
migrating existing VNF replicas to satisfy their delay require-
ments at each time slot t, there is an online algorithm, Algo-
rithm 3, for the online throughput maximization problem,
which takes OðjU j2jV j2jAPjÞ time for the pre-deployment of
VNF replicas for each time frame f 2 T , and OðjUðtÞj � jV[
UðtÞj2:5Þ time for VNF instance instantiation and migration at
each time slot t 2 f.

The proof of Theorem 4 is omitted, since the running
time of Algorithm 3 follows from Theorem 3 and Lemma 3
directly.

7 PERFORMANCE EVALUATION

In this section, we evaluate the performance of the proposed
algorithms through experimental simulations. We also
investigate the impact of important parameters on the per-
formance of the proposed algorithms.

7.1 Experimental Environmental Settings

We consider an MEC G ¼ ðAP [ V;EÞ consisting of from 10
to 250 nodes. We adopt a commonly used tool GT-ITM [9] to
generate network topologies. 10 percent of AP nodes are co-
located with cloudlets. The computing capacity of each
cloudlet varies from 4,000MHz to 8,000MHz [13]. The trans-
mission delay on a link varies from 2 ms to 5 ms [15]. The
computing resource demand of the VNF service instance of
each request is set from 10 MHz to 100 MHz [13]. For each
user j, the number of possible mobility locations is no more
than 30 percent of the number of APs in the network, and
its end-to-end delay requirement Dj varies from 10 ms to
100 ms [21]. The submodular network utility function hð�Þ
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adopted is log ðxþ 1Þ. Note that the proposed algorithms still
work if other submodular network utility functions are
adopted, and the performance trends of the algorithms with
different submodular functions are similar with each other.
The value in each figure is the mean of the results out of 50
MEC network instances of the same size. The running time
of an algorithm is obtained based on a machine with 3.4 GHz
Intel i7 Quad-core CPU and 16 GB RAM. Unless otherwise
specified, these parameters will be adopted in the default
setting.

Wefirst evaluate the performance of the proposed approxi-
mation algorithm Algorithm 1 against a benchmark heuris-
tic CBC (cloudlet by cloudlet), which deploys a VNF replica
with the maximum ratio of network utility gain to its comput-
ing resource consumption in a cloudlet, providing that that
cloudlet has sufficient residual computing resource for the
placement. After all VNF replicas in a cloudlet have been
examined, it will move to the next cloudlet. We then evaluate
the performance of Algorithm 2 against a baseline algorithm
Greedy, where algorithm Greedy selects a request with the
minimum resource demand and instantiates a new VNF
instance ormigrate an existing VNF instance to a cloudlet that
has the least routing delay. It then updates the resource avail-
ability of the cloudlets in the network. This process continues
until all requests are assigned or no requests can be admitted
by any cloudlet.

We then compare the performance of the online algorithm,
Algorithm 3 against two baseline heuristics: OnlineNon-
Mig and CBC_Greedy, where algorithm OnlineNonMig

does not consider VNF instance instantiations and migra-
tions, while algorithm CBC_Greedy pre-deploys VNF instan-
ces by invoking algorithm CBC at each time frame, andmakes
adjustments of VNF instance provisioning by invoking heu-
ristic Greedy in each time slot. For simplicity, we refer to
Algorithm 3 as algorithm Online.

7.2 Performance Evaluation of Different Algorithms

We start by investigating the performance of Algorithm 1
against algorithm CBC for the network utility maximization
problem, by varying network size from 10 to 250 while fixing
the number of requests at 10,000. Fig. 3 demonstrates the total
network utility gain, the number of admitted user requests,
and the running time of each of the twomentioned algorithms.
From Fig. 3a, it can be seen that Algorithm 1 outperforms
algorithm CBC, and its network utility gain is always larger
than that by CBC. The performance gap between the two algo-
rithms becomes larger with the increase on network size. In
particular, Algorithm 1 achieves 23.8 percent more network

utility gain than that by algorithm CBC when the number of
APs is 250. Also, it can be seen from Fig. 3b that the number of
requests admitted by Algorithm 1 is muchmore than that by
algorithm CBC, and the former admits on average 965 more
users than the latter. Fig. 3c depicts the running time of the two
algorithms. The running time of Algorithm 1 is a bit higher
than that of algorithmCBC as the former examines andupdates
more potential VNF replicas for finding a better solution.

We then study the performance of Algorithm 2 against
the benchmark heuristic Greedy in terms of the number of
requests admitted in each time slot, by varying the network
size from10 to 250 for 1,000 user requests. Fig. 4a demonstrates
the number of user requests whose delay requirements can be
guaranteed (network throughput) by the two algorithms. The
network throughput delivered by Algorithm 2 is better than
that by algorithm Greedy in all cases. For example, when the
network size is 200, the network throughput delivered by
Algorithm 2 is around 14.65 percent more than that by algo-
rithm Greedy. With the increase on network size, the perfor-
mance gap between the two algorithms becomes larger and
larger. The rationale behind is that Algorithm 2 strives for a
better mapping of user requests to cloudlets, while algorithm
Greedy only examines requests one by one and always tries
to instantiate or migrate a VNF instance in its nearest cloudlet
greedily. Fig. 4b plots the running time curves of the two algo-
rithms. It can be seen that algorithm Greedy takes less time
than that of algorithm Algorithm 2 in all network sizes.

We finally evaluate the performance of the proposed
online algorithm, Online, against two benchmark heuristics
OnlineNonMig and CBC_Greedy for the online throughput
maximization problem, by varying network size from 10 to
250within a given time horizon that consists of 10 time frames
while each time frame contains 10 time slots. Fig. 5 depicts the
performance curves of different algorithms. It can be seen
from Fig. 5a that algorithm Online outperforms its bench-
mark counterparts OnlineNonMig and CBC_Greedy, and
the performance gap between them becomes larger with the

Fig. 3. Performance of different algorithms by varying network size from 10 to 250.

Fig. 4. Performance of different algorithms by varying network size from
10 to 250.
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growth of network size. For example, the network throughput
by Online is 8.17 and 13.23 percent more than that by algo-
rithms OnlineNonMig and CBC_Greedywhen the network
size is 50, and 15.11 and 21.81 percent more than that by algo-
rithms OnlineNonMig and CBC_Greedywhen the network
size is 250, respectively, from which the effectiveness of
instantiating new VNF instances and migrating existing VNF
replicas can be well justified. Fig. 5b depicts the running time
curves of the mentioned algorithms, where CBC_Greedy

takes the least running time, and OnlineNonMig takes less
running time than that of algorithm Online in all network
sizes, as the algorithm Online considers the pre-deployment
of VNF replicas globally and employs VNF instance instantia-
tion and migration procedure in each time slot to maximize
the network throughput.

7.3 Parameter Impacts on the Algorithm
Performance

Wenow study the impact of important parameters on the per-
formance of the proposed algorithms including the ratio of
the maximum number of sojourn locations of a user to the
number of APs, the duration L of each time frame; and
the length of the given time horizon. We start with analyzing
the impact of the ratio on the performance of algorithms
Algorithm 1 and CBC, respectively, for a set of 10,000 user
requests in a network with 100 AP nodes. It can be seen from
Fig. 6 that Algorithm 1 outperforms algorithm CBC. Specifi-
cally,when the ratio is 0.1,Algorithm 1 achieves 15.5 percent
more network utility gains than that by algorithm CBC. Also,
from Fig. 6a, it can be seen that with the increase on the ratio,
users will have more dispersed sojourn locations. Thus, more
computing resources are consumed for deploying VNF repli-
cas to copewith usermobility. Similarly, the number of admit-
ted requests decreaseswith the increase of the ratio.When the
ratio is 0.1, on average 3,018 user requests can be admitted by
Algorithm 1, while only 1,670 user requests can be admitted
when the ratio is 1.0.

We then investigate the impact of the duration L of each
time frame (the number of time slots in each time frame) on
the performance of algorithms Online and OnlineNon-

Mig in a network with 200 AP nodes. It can be seen from
Fig. 7 that the performance of algorithm Online is always
superior to algorithm OnlineNonMig. As algorithm
Online employs the VNF migration strategy to adjust the
placement of VNF instances for users, more user requests
can have their delay requirements satisfied.

We also evaluate the impact of the length of time horizon
on the performance of algorithm Online against the base-
line heuristics OnlineNonMig and CBC_Greedy for a time
horizon of 100 time frames, while fixing network size at 100.
Fig. 8 shows the performance of the mentioned algorithms.
From Fig. 8, it can be seen that the longer the time horizon,
the larger network throughput delivered by algorithm
Online, compared with those by algorithms OnlineNon-
Mig and CBC_Greedy, respectively.

7.4 Scalability Evaluation of Different Algorithms

We finally study the scalability of the proposed algorithms in
terms of performance and running time, by varying the net-
work size from 200 to 500. Fig. 9 shows the performance of

Fig. 5. Performance of different algorithms by varying network size from
10 to 250.

Fig. 6. Performance of different algorithms by varying the ratio of maximum number of sojourn locations to the number of access points.

Fig. 7. The throughput performance of different algorithms by varying the
length L of each time frame.

Fig. 8. The throughput Performance of different algorithms for a time
horizon consisting of 1,000 time slots.
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Algorithm 1 for a set of 10,000 to 20,000 requests. It can be
seen from Fig. 9a that the network utility gain increases with
the growth on the network size. Fig. 9b plots the running time
curves of the algorithms for request sets with different sizes.
It can be seen that the running time of Algorithm 1 in large-
scale networks with large numbers of requests is scalable.
Fig. 10 shows the performance of algorithm Online for a set
of 1,000 to 2,000 requests per time slot within a given time
horizon that consists of 10 time frames while each time frame
contains 10 time slots, the similar performance behaviors like
the case for the static snapshot is observed too.

8 CONCLUSION

In this paper, we investigated reliable and seamless virtual-
ized network service provisioning in amobile edge-cloud net-
work, by incorporating user mobility and service response
delay sensitivity into consideration. We first formulated two
novel optimization problems: the network utility maximiza-
tion problem and the online throughput maximization prob-
lem, respectively. We then devised a constant approximation
algorithm for the first problem, and developed an efficient
online algorithm for the second problem.Wefinally evaluated
the performance of the proposed algorithms through experi-
mental simulations. Experimental results demonstrated that
the proposed algorithms are promising.

ACKNOWLEDGMENTS

The authors would like to appreciate the three anonymous
referees and the associate editor for their constructive com-
ments and invaluable suggestions, which help us improve the
quality and presentation of the paper greatly. The work of Yu
Ma, Weifa Liang, and Jing Li was supported by Australian
Research Council under its Discovery Project Scheme with
GrantNo.DP200101985, and thework of Xiaohua Jiawas sup-
ported by the Research Grants Council of Hong Kong with
ProjectNo. CityU 11214316.

REFERENCES

[1] S. K. Bose, S. Brock, R. Skeoch, and S. Rao, “Cloudspider: Combin-
ing replication with scheduling for optimizing live migration of
virtual machines across wide area networks,” in Proc. IEEE/ACM
Int. Symp. Cluster Cloud Grid Comput., 2011, pp. 13–22.

[2] B. Burns, B. Grant, D. Oppenheimer, E. Brewer, and J.Wilkes, “Borg,
Omega, andKubernetes,”ACMQueue, vol. 14, pp. 70–93, 2016.

[3] M. Chen and Y. Hao, “Task offloading for mobile edge computing
in software defined ultra-dense network,” IEEE J. Sel. Areas Com-
mun., vol. 36, no. 3, pp. 587–597, Mar. 2018.

[4] N. Chowdhury and R. Boutaba, “Network virtualization: State of
the art and research challenges,” IEEE Commun. Magazine, vol. 47,
no. 7, pp. 20–26, Jul. 2009.

[5] T. H. Cormen, C. E. Leiserson. R. L. Rivest, and C. Sten, Introduc-
tion to Algorithms, 3rd Ed. Cambridge, MA, USA: MIT Press, 2009.

[6] I. Farris, T. Taleb, M. Bagaa, and H. Flick, “Optimizing service
replication for mobile delay-sensitive applications in 5G edge
network,” in Proc. IEEE Int. Conf. Commun., 2017, pp. 1–6.

[7] H. Feng, J. Llorca, A. M. Tulino, D. Raz, and A. F. Molish,
“Approximation algorithms for the NFV service distribution
problem,” in Proc. IEEE Conf. Comput. Commun., 2017, pp. 1–9.

[8] D. A. Freedman, Statistical Models: Theory and Practice. Cambridge,
U.K.: Cambridge Univ. Press, 2009, pp. 26.

[9] GT-ITM, Oct. 2, 2019. [Online]. Available: http://www.cc.gatech.
edu/projects/gtitm/

[10] X. Guan, X. Wan, J. Wang, X. Ma, and G. Bai, “Mobility aware
partition of MEC regions in wireless metropolitan area networks,”
in Proc. IEEE Conf. Comput. Commun. Workshops, 2018, pp. 1–2.

[11] T. He, H. Khamfroush, S. Wang, T. L. Porta, and S. Stein, “It’s hard
to share: Joint service placement and request scheduling in edge
clouds with sharable and non-sharable resources,” in Proc IEEE
38th Int. Conf. Distrib. Comput. Syst., 2018, pp. 365–375.

[12] M. Jia, J. Cao, and W. Liang, “Optimal cloudlet placement
and user to cloudlet allocation in wireless metropolitan area
networks,” IEEE Trans. Cloud Comput., vol. 5, no. 4, pp. 725–737,
Oct.–Dec. 2017.

[13] M. Jia, W. Liang, and Z. Xu, “QoS-aware task offloading in distrib-
uted cloudlets with virtual network function services,” in Proc.
20th ACM Int. Conf. Modelling Anal. Simul. Wireless Mobile Syst.,
2017, pp. 109–116.

[14] M. Jia, W. Liang, Z. Xu and M. Huang, “Cloudlet load balancing
in wireless metropolitan area networks,” in Proc 35th Annu. IEEE
Int. Conf. Comput. Commun., 2016, pp. 730–738.

[15] S. Knight, H. X. Nguyen, N. Falkner, R. Bowden, andM. Roughan,
“The internet topology zoo,” J. Sel. Areas Commun., vol. 29,
pp. 1765–1775, 2011.

[16] K. Lei, M. Qin, B. Bai, G. Zhang, and M. Yang, “GCN-GAN: A non-
linear temporal link prediction model for weighted dynamic
networks,” in Proc. IEEE Conf. Comput. Commun., 2019, pp. 388–396.

[17] Y. Ma, W. Liang, M. Huang, and S. Guo, “Profit maximization of
NFV-enabled request admissions in SDNs,” in Proc. IEEE Global
Commun. Conf., 2018, pp. 1–7.

[18] Y. Ma, W. Liang, Z. Xu, and S. Guo, “Profit maximization for admit-
ting requests with network function services in distributed clouds,”
IEEE Trans. Parallel Distrib. Syst., vol. 30, no. 5, pp. 1143–1157,
May 2019.

[19] Y. Ma, W. Liang, and S. Guo, “Mobility-aware delay-sensitive ser-
vice provisioning for mobile edge computing,” in Proc. IEEE Conf.
Comput. Commun. Workshops, 2019, pp. 270–276.

[20] Y. Mao, C. You, J. Zhang, K. Huang, and K. Letaief, “A survey on
mobile edge computing: the communication perspective,” IEEE
Commun. Surv. Tuts., vol. 19, no. 3, pp. 2322–2358, Fourth Quarter
2017.

[21] J. Martins et al., “ClickOS and the art of network function
virtualization,” in Proc. 11th USENIX Conf. Netw. Syst. Des. Imple-
mentation, 2014, pp. 459–473.

[22] A. Nadembega, T. Taleb, and A. Hafid, “A destination prediction
model based on historical data, contextual knowledge and spatial
conceptual maps,” in Proc. IEEE Int. Conf. Commun., 2012,
pp. 1416–1420.

[23] P. Mach and Z. Becvar, “Mobile edge computing: A survey on
architecture and computation offloading,” IEEE Commu. Surveys
Tuts., vol. 19, no. 3, pp. 1628–1656, Third Quarter 2017.

[24] T. Ojima and T. Fujii, “Resource management for mobile edge
computing using user mobility prediction,” in Proc. Int. Conf. Inf.
Netw., 2018, pp. 718–720.

Fig. 10. Performance of algorithm Online by varying network size from
200 to 500, and number of requests per time slot from 1,000 to 2,000.

Fig. 9. Performance of Algorithm 1 by varying network size from 200
to 500, and number of requests from 10,000 to 20,000.

MA ETAL.: MOBILITY-AWARE AND DELAY-SENSITIVE SERVICE PROVISIONING IN MOBILE EDGE-CLOUD NETWORKS 209

Authorized licensed use limited to: CITY UNIV OF HONG KONG. Downloaded on December 05,2021 at 03:18:16 UTC from IEEE Xplore.  Restrictions apply. 

http://www.cc.gatech.edu/projects/gtitm/
http://www.cc.gatech.edu/projects/gtitm/


[25] T. Ouyang, Z. Zhou, and X. Chen, “Followme at the edge: Mobility-
aware dynamic service placement for mobile edge computing,” in
Proc. IEEE/ACM26th Int. Symp. Quality Service, 2018, pp. 1–10.

[26] S. V. Rossem et al., “Deploying elastic routing capability in an
SDN/NFV-enabled environment,” in Proc. IEEE Conf. Netw. Func-
tion Virtualization Softw. Defined Netw., 2015, pp. 22–24.

[27] A. Santoyo-Gonz�alez and C. Cervello-Pastor, “Latency-aware cost
optimization of the service infrastructure placement in 5Gnetworks,”
J. Netw. Comput. Appl., vol. 114, pp. 29–37, 2018.

[28] T. Taleb, M. Bagaa, and A. Ksentini, “User mobility-aware virtual
network function placement for virtual 5G network infrastructure,”
in Proc. IEEE Int. Conf. Commun., 2015, pp. 3879–3884.

[29] A. Vermam et al., “Large-scale cluster management at Google with
Borg,” in Proc. Eur. Conf. Comput. Syst., 2015, pp. 1–17.

[30] L. Wang, L. Jiao, J. Li, and M. Muhlhauser, “Online resource alloca-
tion for arbitrary user mobility in distributed edge clouds,” in Proc.
IEEE 37th Int. Conf. Distrib. Comput. Syst., 2017, pp. 1281–1290.

[31] L. Wang, L. Jiao, T. He, J. Li, and, M. Muhlhauser, “Service entity
placement for social virtual reality applications in edge computing,”
in Proc. IEEEConf. Compute. Commun., 2018, pp. 468–476.

[32] S. Wang and C. Ran, “Rethinking cellular network planning and
optimization,” IEEE Wireless Commun., vol. 23, no. 2, pp. 118–125,
Apr. 2016.

[33] S. Wang, W. Zhao, and C. Wang, “Budgeted cell planning for cel-
lular networks with small cells,” IEEE Trans. Veh. Technol., vol. 64,
no. 10, pp. 4797–4806, Oct. 2015.

[34] Z. Xu, W. Liang, W. Xu, M. Jia, and S. Guo, “Capacitated cloudlet
placements in wireless metropolitan area networks,” in Proc. IEEE
40th Conf. Local Comput. Netw., 2015, pp. 570–578.

[35] Z. Xu, W. Liang, W. Xu, M. Jia, and S. Guo, “Efficient algorithms
for capacitated cloudlet placements,” IEEE Trans. Parallel Distribu.
Syst., vol. 27, no. 10, pp. 2866–2880, Oct. 2016.

[36] Z. Xu, W. Liang, M. Jia, M. Huang, and G. Mao, “Task offloading
with network function services in a mobile edge-cloud network,”
IEEE Trans. Mobile Comput., vol. 18, no. 11, pp. 2072–2685,
Nov. 2019.

YuMa received the BSc degree (with the first class
honors) in computer science from Australian
National University, in 2014. He is currently working
toward the PhD degree in the Research School of
Computer Science, Australian National University.
His research interests include Software Defined
Networking, Internet of Things (IoT), and Social
Networking.

Weifa Liang (Senior Member, IEEE) received the
BSc degree in computer science fromWuhan Uni-
versity, China, in 1984, the ME degree in computer
science from the University of Science and Tech-
nology of China, in 1989, and the PhD degree in
computer science from the Australian National
University, in 1998. He is currently a full professor
at the Research School of Computer Science,
Australian National University. His research inter-
ests include design and analysis of energy efficient
routing protocols for wireless ad hoc and sensor

networks, Internet of Things, mobile edge computing, Network Function
Virtualization and Software-Defined Networking, design and analysis of
parallel and distributed algorithms, approximation algorithms, combinato-
rial optimization, and graph theory.

Jing Li received the BSc degree with the first class
honours in computer science from Australian
National University, in 2018. He is currently working
toward the PhD degree in the Research School of
Computer Science, Australian National University.
His research interests includemobile edge comput-
ing, network function virtualization, and combinato-
rial optimization.

Xiaohua Jia (Fellow, IEEE) received the BSc and
MEng degrees from the University of Science and
Technology of China, in 1984 and 1987, respec-
tively, and the DSc degree in information science
from theUniversity of Tokyo, in 1991.He is currently
a chair professor with the Department of Computer
Science, City University of Hong Kong. His
research interests include cloud computing and dis-
tributed systems, computer networks, wireless
sensor networks and mobile wireless networks. He
is an editor of the IEEE Transactions on Parallel

and Distributed Systems (2006-2009), the Journal of WorldWide Web, the
Wireless Networks, the Journal of Combinatorial Optimization, and so on.
He is the general chair of ACM MobiHoc 2008, TPC co-chair of IEEE
MASS 2009, area-chair of IEEE INFOCOM 2010, TPC co-chair of IEEE
GlobeCom 2010, Ad Hoc and Sensor Networking Symposium, and Panel
co-chair of IEEE INFOCOM2011.

Song Guo (Fellow, IEEE) received the PhD
degree in computer science from the University
of Ottawa, and was a professor with the Univer-
sity of Aizu. He is a full professor with the Depart-
ment of Computing, The Hong Kong Polytechnic
University. His research interests include the
areas of Big Data, cloud computing and network-
ing, and distributed systems. He is the recipient
of the 2017 IEEE Systems Journal Annual Best
Paper Award and other five Best Paper Awards
from IEEE/ACM conferences. He was an associ-

ate editor of the IEEE Transactions on Parallel and Distributed Systems
and an IEEE ComSoc Distinguished Lecturer. He is now on the editorial
board of the IEEE Transactions on Emerging Topics in Computing, the
IEEE Transactions on Sustainable Computing, the IEEE Transactions
on Green Communications and Networking, and the IEEE Communica-
tions. His currently serves as a director and member of the Board of
Governors of ComSoc.

" For more information on this or any other computing topic,
please visit our Digital Library at www.computer.org/csdl.

210 IEEE TRANSACTIONS ON MOBILE COMPUTING, VOL. 21, NO. 1, JANUARY 2022

Authorized licensed use limited to: CITY UNIV OF HONG KONG. Downloaded on December 05,2021 at 03:18:16 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


