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ABSTRACT. Cloudlet is proposed to place the data center at the edge of the network to
ensure the quality of service (QoS) for delay-sensitive tasks in mobile edge computing
(MEC). Mobile users can randomly roam in the network area, which lead to different
density and resource demands for users in wireless metropolitan area network (WMAN).
Considering users’ QoS, the appropriate wireless access points (APs) are selected in
WMAN for cloudlet deployment, which can greatly reduce user access delay. From the
perspective of infrastructure service providers (ISP), it is critical to place heterogeneous
cloudlets according to different regional user resource demands in WMAN. In this arti-
cle, both users’ mobility and heterogeneous cloudlets with limited resource capacity are
considered in WMAN, therefore, we firstly design a heterogeneous cloudlet deployment
model aiming at minimizing the number of cloudlet deployments, which is formulated
as an integer linear programming problem (ILP), and the improved heuristic algorithm
for minimizing the number of cloudlet deployments (IMHA) is thus proposed to solve
it.  Multi-dimensional simulations are conducted to show that the improved model and
IMHA can not only effectively reduce the average transmission delay, but also reduce the
number of cloudlet deployments while meeting the users’ tolerable access delay.
Keywords: Mobile edge computing (MEC), Heterogeneous cloudlet deployment, Mini-
mization, Quality of service (QoS), Average transmission delay

1. Introduction. Due to the limited computation storage and battery resource capa-
bilities of mobile devices, mobile devices can offload task requests to remote cloud data
centers to solve the resource limitations of portable mobile devices and extend battery
life through mobile cloud computing (MCC) [1]. However, remote cloud data centers are
usually far away from mobile users, which will increase the communication delay between
mobile devices and remote clouds [2-4], and bring greater challenges to delay-sensitive
and intensive mobile applications, such as augmented reality (AR), virtual reality (VR)
and online games [5-8]. In order to solve the problem of higher latency between mobile
users and remote cloud data centers, pioneer researchers proposed the concept of MEC,
which is a key technology in the emerging fifth-generation (5G) network that can host
computing-intensive applications, and the network in MEC is very close to mobile users
by placing small cloud server infrastructure with limited resources such as cloudlet at
the edge of the network, and provides context-aware services based on network informa-
tion [9-12], cloudlet technology can effectively reduce the user’s service access delay [13].
Therefore, the best location for cloudlet deployment is at the edge of the network closer
to mobile devices, such as mobile base stations or APs [14].
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Most existing researches focus on offloading user tasks to cloudlet [15-19]. However,
the existing task offloading framework is an edge computing environment provided by
the same ISP, which has poor scalability, and more mobile devices and different types of
devices are not considered in the experiment to test the compatibility of the offloading
framework. And when considering resource allocation problem in cloudlet environment, a
load-aware resource allocation strategy is designed, which can adaptively allocate cloudlet
resources to delay-sensitive mobile user task requests and solve the problem of users’ QoS
and budget of ISP [20-23]. However, for applications with strict accuracy requirements,
it is not considered that the unreliable connection between the mobile device and the
cloudlet may lead to dependency conflicts between applications or incorrect execution
results. Yang et al. [24] developed an accurate mixed integer linear programming (MILP)
formula and a benders decomposition algorithm to solve the task allocation problem which
ignores the scenario of task queuing and task priority. In order to meet the required delay
requirements, task migration [25-28] considers the problem of migrating tasks assigned
to cloudlet to a nearby or remote cloud platform when cloudlet is overloaded. When
considering cloudlet placement problem, the cloudlet placement framework in wireless
networks with delay as the constraint is proposed [29-31]. However, existing strategies fail
to consider the impact of the heterogeneity of cloudlet on deployment costs and the QoS of
delay-sensitive tasks. Therefore, Zhao et al. [32] used software-defined networking (SDN)
technology and proposed an enumeration-based optimal placement algorithm (EOPA) to
minimize the average access latency and provide flexible and programmable management
for cloudlet deployment. Guan et al. [33] considered the long-term cost of optimizing
cloudlet deployment and operation. However, existing research does not fully consider the
impact of cloudlet performance differences on the cost of cloudlet deployment. It mainly
considers where cloudlets are deployed, while ignoring the issue of cloudlet computing
resource levels.

By our literature survey, little attention has been paid to the minimization of the num-
ber of heterogeneous cloudlet deployments in WMAN. Although the cloudlet technology
can reduce the end-to-end delay of users, the budget of the cloudlet provider is limited.
Because users can roam in the network area and offload task requests to cloudlet, which
lead to different user densities in different network areas, it is necessary to deploy a large
number of cloudlets in dense areas of mobile user equipment for task offloading. If a small
amount of cloudlets are deployed in dense areas, it will affect users’ QoS. Therefore, it
is not to be ignored to choose the cloudlet deployment location for cloudlet deployment
and minimize the number of cloudlet deployments according to the density of users in
different regions and the different user resource requirements. Similar to the problem of
minimization of the number of network nodes, a grid-based clustering dynamic forwarding
routing protocol (GCDF) is proposed to minimize the number of dead nodes in wireless
sensor networks (WSN) [34]. Furthermore, K heuristic algorithm is proposed to solve
the problem of cloudlet placement in a WMAN [35,36]. However, the minimization of K
heuristic algorithm selects the optimal AP for the cloudlet deployment according to the
order of the transmission delay between wireless APs, and ignores the mobility of users
and the heterogeneity of cloudlet servers. Yao et al. [37]| considered user mobility and
first proposed the lowest cost of heterogeneous cloud deployment, while ensuring the QoS
of users in the MEC environment, but it ignores the average latency of APs transmitting
user requests and the resource demands of user tasks, and HA is proposed to solve this
problem; however, this algorithm chooses the best AP according to APs degree, which
cannot balance the workload of wireless APs and transmission cost between wireless AP
points.
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Therefore, the existing research on minimizing the number of heterogeneous cloudlet
deployments in WMAN needs to be improved, because APs with heavy workloads may
not be the closest to the user, which will increase the users’ tolerable delay. Therefore,
based on the research in [35,37], this paper considers the mobility of users, the delay of
wireless APs transmitting user task requests, and the amount of resource demands for
any user to access the AP, and design a model of the minimization of the number of
heterogeneous cloudlet deployments, and IMHA based on the average delay of wireless
APs transmitting user requests is proposed to minimize the number of heterogeneous
cloudlet placements, which combine probability between users and wireless APs with the
transmission delay the wireless AP transmitting the user request to cloudlet; therefore,
the average transmission time is calculated to select the APs and choose the optimal AP
for the cloudlet placement.

The main contributions of this article are as follows.

1) We have comprehensively considered the user dynamics, the heterogeneity of cloudlet
and the delay of wireless AP transmitting user requests, and designed a new model of
minimizing the number of cloudlet placements to study heterogeneous cloudlet deployment
and user association issues; meanwhile, the problem is proved to be an NP-hard problem.

2) By improving the method of selecting the location of cloudlet deployment, IMHA is
adopted to minimize the number of cloudlet deployments.

3) Finally, a large number of simulation experiments show that our improved model
and algorithm are effective.

The rest of the paper is organized as follows. Preliminaries and problem statement are
introduced in Section 2. Section 3 presents heterogeneous cloudlet placement algorithm
design. Section 4 introduces experimental analysis. In the end, conclusions are shown in
Section 5.

2. Preliminaries and Problem Statement.

2.1. System model. As is shown in Figure 1, a WMAN system can consist of a set
of wireless APs V' = {vy,vg,...,v,} connected to each other via the Internet, a set of
potential locations S for cloudlet deployment, and a set of users U = {uq,us,...,uy,}
offloading task requests to cloudlet through wireless APs. An undirected graph G =
{VUSUU,E} is used to represent the relationship among mobile users, wireless APs
and cloudlet placed with the wireless APs in the WMAN. FE is used to represent the
link set between two wireless APs or between the wireless AP and the cloudlet placed
with the wireless AP. In a WMAN, users randomly roam in different network areas, and
the location of each user may change over time, and wireless APs are deployed in places
with relatively high population density, such as train stations, shopping malls, and bus
stations. Therefore, in the WMAN, the number of requests received by each wireless AP
v, of any user u; is closely related to the contact probability of the user with the wireless
AP vy, therefore, Ry is used to represent the set of task requests received by wireless AP
vk, and g;, represents the contact probability of user u; with the wireless AP wvy.

Therefore, the number of task requests from user u; € U received by wireless AP v, € V
is determined by Equation (1).

Zixk=Rip*xqr YieU VkeV (1)

Z(v) is used to represent the number of user task requests received by wireless AP vy,
which can be described as Equation (2).

Z(g) =) Rixqp VkeV (2)

icU
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Ficure 1. Cloudlet (k = 4) placement in the WMAN

Consequently, the number of user task requests received by all wireless APs V' is cal-
culated as Equation (3).
V|

Z(V)=> Z(w) VkeV (3)

It is assumed that the deployment location of the cloudlet is the same as the wireless
AP, only one cloudlet can be deployed to each potential wireless AP, and k cloudlet
servers need to be deployed to k different potential deployment locations in the set S.
F={fi,fay -, frx}, 1 <k <|S] is denoted as a set of cloudlet server. For each cloudlet
server f;, 1 <1 <k, there are limited computing resources to process the allocated user
requests, 1 is introduced to represent the resource capacity of fi, we assume that cloudlet
servers are heterogeneous, f; # f;, r; # r;. The processing capacity of the server is usually
proportional to the resource capacity, and different cloudlet servers have different resource
capacities [35]. If the AP area v; where user u; is located has been deployed with cloudlet,
the user can offload the task request to the cloudlet server deployed on v; with 1 hop,
and the communication transmission delay can be counted as 0. Otherwise, the user u;
can only access the cloudlet placed with some other APs from v; in a multi-hop manner.
Meanwhile, the communication access delay of AP cannot be ignored. Given the delay
tolerance Dt, of a user u,., the average delay of the wireless APs transmitting user task
requests to cloudlet does not exceed the given user delay tolerance Dt,. The key notations
are listed in Table 1.

2.2. Problem definition. In the MEC architecture, the minimization of the number of
heterogeneous cloudlet deployments in the WMAN is defined as follows. In the WMAN
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TABLE 1. Symbol notations

Symbols Definition
APs set, potential cloudlet locations set and the mobile
G={VUSUU,E} users set. g
The number of APs in V| the number of links in F, and
the number of users in U.

m = V|, €= |E], n=|U]

v; The i-th AP in set V.
u; The i-th user in set U.
R; User request collection of AP v;.
Qik Contact probability between user u; and AP vy,.
Zike The number of tasks that AP v, receives from user u,.
du; The resource demand of user wu;.
d(e) Link delay between APs.
Dt, Delay tolerance of user w,..
d; Transmission delay between AP v; and v;.
D.. The latency of user u; offloading task request to a cloudlet
" located at v,.
D 4 The average delay of APs transmitting user requests.
Z(vg) The number of task requests that AP vy received.
Tk Resource capacity of cloudlet server fy.
A binary variable indicating whether the task request user
Yij u; is offloaded to a cloudlet located at v;.
A binary variable indicating whether the cloudlet server
i fr is deployed at AP v;.

system G = {VUSUU, E}. Given a user’s tolerable average time delay Dt, for trans-
mitting user requests by a wireless AP, k cloudlet servers {fi, fs,..., fr} with k resource
capacities {r1,79,...,7}, which need to be deployed to k different potential locations,
fi # fj, mi # rj. The number of task requests from user u; received by wireless AP vy, is
denoted as Z;; = Ry * q;r,, where g, € (0,1). Therefore, the number of task requests from
all users received by wireless AP vy is denoted as Z(vg), the resource demand of w; € U
is described as du;, du; < r; <71y < --- <1y For each link (v;,v;) in E, define the laten-
cy of transmitting a user request between two APs v; and v; as the shortest path value
between the two wireless APs, d;; represents the latency of transmitting user requests
between v; and a cloudlet located at AP v;, d;;: E +— R > 0 [36]. Therefore, the prob-
lem is defined as while ensuring the users’ QoS, k cloudlet servers with different resource
capacities need to be placed in k potential deployment locations, aiming to minimize the
number of k heterogeneous cloudlet deployments while the average delay for the wire-
less APs transmitting user requests to cloudlet cannot exceed the users’ tolerable average
delay Dt,, that is, according to the different user densities and user resource demands
in the WMAN, place k cloudlet servers with different capacities in k potential locations
in S, aiming at minimizing the number of k£ heterogeneous cloudlet servers. Previous
studies have demonstrated that the problem of cloudlet placement and user association in
WDMANSs is an NP-hard problem [35,37]. Similarly, the problem of minimizing the number
of heterogeneous cloudlet deployments is also an NP-hard problem.

2.3. Problem formulation. The problem of heterogeneous cloudlet deployment in the
WMAN can be formulated as an ILP, and then a set of variables is defined to describe the
heterogeneous cloudlet placement problem. When minimizing the problem of the number
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of heterogeneous cloudlet deployments, for the QoS of users, given a user tolerable delay
Dt,, the average transmission delay of wireless APs transmitting the user task requests
to cloudlet placed with the wireless AP shall not exceed the users’ tolerable delay Dt,.
When selecting a wireless AP to place the cloudlet, several problems should be considered,
including how to choose a potential location in S for cloudlet deployment, how many
cloudlet servers should be deployed for each wireless AP, which cloudlet available for
mobile users’ task requests should be offloaded to and processing, the resource demands
of mobile users and the resource capacity of cloudlet. Consequently, a binary variable
v € {0,1}, 1 <@ < k, 1 < j < |S] is introduced to represent whether cloudlet is
deployed to location wireless AP v; € S, where 7,; = 1 if cloudlet f; is deployed to v; € S,
7:; = 0 otherwise. A binary variable ¢;; € {0,1}, 1 <i <mn, 1 < j <|S| is introduced
to indicate whether the user task requests are offloaded to cloudlet for processing, where
@i; = 1 if user task requests are offloaded to cloudlet placed with v;, ;; = 0 otherwise.
N is denoted as the number of task requests from user u; € U received by v, € V. Ry
indicates the task request collection at vg. g is used to represent the contact probability
between users u; and vy. Therefore, 0 < Z(vy) < Ry, Z(vx) is expressed as the number of
task requests from all users received by vy € V. Define the latency of transmitting a user
request between two APs v; and v; as the shortest path value between the two wireless
APs, d;; represents the latency of transmitting user requests between v; and a cloudlet
located at v; € S, D;; is denoted as the latency of user w; offloading task request to a
cloudlet located at v;, which is calculated as Equation (4).

Dij:ZNik*dkj*SOij VieS VieU (4)
kev

The average delay of all wireless APs V' transmitting users’ task requests to cloudlets
is described as Equation (5).
IS| Ul
Dt. — j=1 Zi:l Dij (5)
o N ()
While not violating the QoS of users, the minimization of the number of heterogeneous
cloudlet server deployments is formulated as follows.

Obj: min k (6)
1, if task request of user u; is offloaded to a cloudlet

st @i = located at AP v, (7)
0, otherwise

~_J 1, if cloudlet server f; is deployed to AP v,
Vi = 0, otherwise

E
d vii=1 Vick (9)
j=1

IF|

d vii=1 Vjes (10)
=1

Z%‘j*%‘k*duz‘ﬁzrk*%‘k VieS VieV (11)
€U keF

Z(Uk) S Rk (12)
Z(ow) =) Zu VeV (13)

icU
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Without loss of generality, where constraint (9) ensures that a cloudlet server can be
only deployed to one potential deployment location S, and constraint (10) ensures that
each potential access point should be deployed with at most one cloudlet server selected
from the set F', which means that we do not require all cloudlet servers in the candidate
set to be deployed in the MEC environment. The wireless AP where the cloudlet server is
deployed can be associated with multiple users for service access, and different users have
different task requests and therefore different resource requirements, in order to avoid
overloading of cloudlet server resources, therefore, constraint (11) ensures that the total
resource demand of mobile users shall not exceed the resource capacity provided by the
cloudlet server, and constraint (12) ensures that some mobile users can be connected to
v; € V and wireless AP v; € V' can transmit mobile user requests to the cloudlet placed
with potential location v; € S, and constraint (13) ensures that all user requests at v; € V'
can be offloaded to cloudlets. Constraint (14) indicates that some user task requests at
v; € V are assigned to potential location v; € S for processing at any time, which means
that each user’s requests at the wireless AP v; € V are assigned to the potential location
v; € S, and there must be a cloudlet server deployed on v; € S. To ensure users’ QoS,
depending on the cloudlet relationship, the expected service access delay of any user shall
not exceed the tolerable service access delay; therefore, constraint (15) ensures that the
average transmission latency of all APs transmitting users’ task requests D,,, does not
exceed the given users’ tolerable average access latency Dt,.

3. Heterogeneous Cloudlet Deployment Algorithm Design. In MEC, the min-
imization of the number of heterogeneous cloudlet deployments based on the WMAN
scenario is an NP-hard problem, and it is formulated as an ILP problem. Due to the poor
scalability of the ILP problem, it is important to design a low-complexity heuristic algo-
rithm to solve the ILP problem [35,37]. However, in [35], the heuristic algorithm selects
the optimal AP for the cloudlet deployment according to the order of the transmission
delay between wireless APs, and ignores the mobility of users and the heterogeneity of
cloudlet servers. In [37], it ignores the average latency of APs transmitting user requests
and the resource demands of user tasks. Therefore, IMHA is proposed, which calculates
the average access delay by contacting probability g;; between user w; and AP v; and the
shortest data transmission delay between AP v; and v; calculated by Floyd algorithm,
which can balance the workload of wireless APs, user density and transmission cost be-
tween wireless AP points. Then, sort the APs according to T'(v;) and determine optimal
APs for cloudlet deployment, which is calculated as Equation (16).

Qi+ dy .
T(vj):% Vjiev (16)

where m is the number of APs connected to AP v;. And IMHA is divided into two
sub-problems, including the selection problem of the cloudlet server and the deployment
problem of the cloudlet server and the user and cloudlet association problem, that is,
the average transmission latency of all APs transmitting users’ task requests D, does
not exceed the given users’ tolerable average access latency Dt,. Therefore, in order to
facilitate the elaboration of the heuristic cloudlet deployment algorithm with improved
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strategy, the IMHA is divided into the cloudlet deployment algorithm (Algorithm 1) and
the heuristic algorithm for minimizing the number of cloudlet deployments (Algorithm
2).

3.1. Improved cloudlet deployment algorithm. In Algorithm 1, from Step1 to Step6,
first, arrange the k cloudlet capacities in descending order. Then, for wireless AP v; with
user requests remaining, the average access delay T'(v;) is calculated as Equation (16),
and sort T'(v;) in descending order. And the more details are from Step7 to Stepl0, and
then allocated to the cloudlet f; until the cloudlet capacity r; is just used up, and calculate
the delay ZLZ'I D;; of all user requests assigned to cloudlet f; placed with wireless AP v,
in Stepll. If the user meets the delay requirements, cloudlet f; will be deployed to the
location where the smallest delay D;; of wireless AP transmitting user task requests to a
cloudlet is placed with AP v,.

Algorithm 1: Cloud Placement

Input: G, v, Ry, dij, du;, Dt,, g;;

Output: Dy, ¢ij

Stepl: Find a subset of cloudlet servers that meet user resource demands
Step2: Sort each k cloudlet server in descending order of resource capacity
Step3: for i < 1to k do

Step4: v; < S

Steph: for each potential location v; do

Step6: Sort T'(v;) in descending order

StepT: Select the first r wireless APs after sorting until the resource demand

requested by the user contacting the r wireless APs exactly exceeds
the resource capacity rj of fi

Steps: Assign r — 1 users to the cloudlet f; deployed at wireless AP v,
Step9: Sort the resources required for the r-th user request in ascending order
Stepl0: The user request of the r-th wireless AP is selected according to the

descending order of the du; and allocated to the cloudlet f; until the
cloudlet capacity is just used up

Stepll: Calculate the total delay ZLZ' D;; of all user requests assigned to
cloudlet f; placed with wireless AP v,

Stepl2: end for

Stepl3: Cloudlet f; is deployed to potential location with smallest value D;;

Stepl4: end for

Stepld: Dy

Stepl6: return Dy, @5j

3.2. Improved algorithm for minimizing the number of heterogeneous cloudlet
deployments. Combined with Algorithm 1, the heuristic algorithm for minimizing the
number of cloudlet with an improved strategy (IMHA) is shown in Algorithm 2. For each
link (v;,v;) in E, Floyd algorithm is used to calculate the shortest path value between
wireless APs in Step2. The average access delay T'(v;) of each AP is sorted in descending
order in Step4. k cloudlet servers {rq,rs,...,r,}, which are sorted in descending order,
ry > 19 > 13 > -+ > 1, The greedy heuristic algorithm is adopted, when k£ = 1, select
the cloudlet with the largest capacity all the time, so that k is incremented to n in steps of
1 until the number of cloudlet servers meets the resource demand required by the user’s
request and the Dg,, does not exceed the given users’ tolerable average access latency
Dt,. In each iteration, assume that cloudlet servers fi, fo,..., fr_1 have been deployed
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Algorithm 2: IMHA

Input: G, ry, Z(vy), dij, Dt,, g;;

Output: ¥, ¢}

Stepl: ¢;; = {0}

Step2: The Floyd algorithm is used to calculate the shortest path between all wireless
APs in network G

Step3: for each potential location v; do

Step4:  Sort T'(v;) in descending order

Stepd:  end for

Step6: vi; = {0}
Step7:  while D, > Dt, do
K+ k+1
Step8: ©i; = {1}
Step9: Dt, = Cloudlet Placement (G, R;, k,S,r1,rs, ..., g, du;)
Stepl0: end while
Stepll: return ri,79, ..., 7%, k', ¢}
to wireless APs vy, vy, ...,v;_1. Therefore, wireless AP v; has not deployed the cloudlet,

and cloudlet f; will be deployed to the location where the smallest delay D;; of wireless
AP transmitting user task requests to a cloudlet is placed with AP v;.

Theorem 3.1. Given a WMAN system G = {VUSUU, E}, the time complexity of
IMHA is O(kn*logn +n*), 1 <k <|S| < |V], n=|V|, m = |E]|.

Proof: Let n; = |V| + |S| be the number of nodes in G = {VUSUU, E}. In order
to construct the delay transmission matrix D;;, the Floyd algorithm is used to calculate
d;j. Because the time complexity of calculating a single source node using the Floyd
algorithm is O(n?), the shortest path between all wireless AP nodes as O(n{) = O(n%). It
can be seen from Algorithm 2 that if cloudlet servers fi, fo, ..., fr_1 have been deployed
to vy, v9, ..., v;_1 respectively, in each iteration, the wireless node v; € S must be found
at the i-th iteration to place the cloudlet f;, |S| < |V| = n, the time complexity O(k - |S]|-
[V]1log|V|) = O(kn*logn); therefore, the time complexity of IMHA is O(kn?logn + n?).

4. Experimental Analysis. To be more practical, cloudlet placement is highly promis-
ing for the implementation of the MEC paradigm which has been widely used in many
fields such as face recognition [9], healthcare [11], interactive gaming and augmented re-
ality [15] to reduce the end-to-end latency perceived by the mobile users’ task requests.
Furthermore, a fundamental but important issue for ISP is how to plan the location and
capacity of cloudlets in order to minimize the number of cloudlet servers to reduce the cost
of ISP while ensuring users’ QoS. Therefore, we evaluated the performance of the IMHA
through four dimensions, including the number of mobile users, the number of cloudlet
servers, the maximum resource demand of users, and the maximum resource capacity of
cloudlet servers. We compared the existing research HA [35] with IMHA. MTD-HA repre-
sents the minimum transmission delay of the wireless APs transmitting user task requests
solved by the HA, and MTD-IMHA represents the minimum transmission delay of the
wireless AP transmitting user task requests solved by the IMHA; ATD-HA represents the
average transmission delay of wireless APs transmitting user task requests solved by the
HA, and ATD-IMHA represents the average transmission user request of wireless APs
transmitting user task requests solved by the IMHA. The experimental settings are con-
sistent with [35,37], and Barabasi-Albert model in the Networkx package in Python3.7 is
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used to generate the underlying complex network topology. The link delay d(e) is gener-
ated at [Sms, 50ms|, the number of cloudlet servers is set to half of the number of wireless
APs, k = m/2, and Ry is drawn from [50,500]. Study the scalability of algorithms, by
varying the number of users user(n) from 5 to 50, and the number of cloudlet servers from
5 to 50. Then the resource capacity 7 of the cloudlet server fy is drawn from [10,500],
and the resource demand du; requested by the user task is generated at [1,80].

4.1. Effect of the number of users on the number of cloudlet servers. In this
chapter, we analyze the effect of the number of users on the number of cloudlet servers,
the average transmission delay and the minimum transmission delay of all wireless APs
transmitting user requests. The number of cloudlet servers is set to 10 and the number
of APs is set to 20. And we set the number of users user(n) € [10,50], since, both
methods are 100% efficient at finding a feasible solution when user(n) < 10 and cannot
find a feasible solution when user(n) > 50. The ATD-IMHA, MTD-IMHA, ATD-HA and
MTD-HA are shown in detail in Figure 2. As the number of users increases, the ATD-
IMHA and MTD-IMHA gradually decrease, and the ATD-HA and MTD-HA are basically
unchanged. As the average transmission delay increases, the comparison of the number
of cloudlet servers is shown in Figure 3, and when r, € [250, 350], the number of users
increases from 10 to 50. In order to verify the effectiveness of IMHA more accurately,
one-way ANOVA is used to further calculate the variance between the ATD-IMHA and
ATD-HA to analyze the effectiveness of IMHA, and the significance value « is set to
0.05, after calculating, P-value is 0.521523. Mathematically, Hy hypothesis: p; = po, the
alternative hypothesis Hy: py; # ps. Since P-value: 0.521523 > a: 0.05, Hq is accepted,
which demonstrate that the difference between the average transmission delay of HA and
IMHA is not big enough to be statistically significant.

Although the Hg hypothesis is accepted, as shown in Table 2, due to the limitation of
server resource capacity, as the number of users increases, the resource demand of user
task requests increases. When ry € [100,200], n = 30, the number of cloudlet deployments
solved by IMHA is 4, but there is no feasible solution when n = 30 through HA. Similarly,
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TABLE 2. Effect of the number of users on the number of cloudlet servers

[100,200] | [i50,250] | [200,300] | [250,350] | [350,500]

user(n) FINITA A [IMOA HA [ IMOA HA | IMOA TA [ IMOA HA
10 5 91 2 2 2 2 2 2 2 2
20 5 3| 2 92| 2 2| 2 2| 2 9
30 4 | 4 4l 3 3 3 3| 2 92
40 e e O I S
50 e e B S

when ry € [250,350] and n = 50, the number of cloudlet deployments solved by IMHA is
4, but HA has no feasible solution. Only when the server resource capacity is large enough

and the value is [350,500], HA can be found feasible solution. The above experimental
results show that IMHA is more effective than HA.

4.2. Effect of the number of servers on the number of candidate cloudlet ser-
vers. In this chapter, we analyze in each iteration, given a maximum number of servers,
how many available cloudlet servers are available, and which can meet the resource re-
quirements requested by the user’s task. The number of mobile users is set to 20, and the
number of APs is set to 15. And we set the number of cloudlet servers server(k) € [4, 12],
in a group of experiments, we noticed that if server(k) < 4, there is no feasible solution in
most cases. Therefore, the case of more than 4 servers is only considered, and a feasible
solution can be absolutely found when server(k) > 12. The average delay and minimum
transmission delay of wireless APs transmitting user requests are shown in Figure 4. As
the number of servers increases, MTD-IMHA and ATD-IMHA are lower than that of HA.
When server(k) € [4,12], r, € [150,250]. The comparison of the number of cloudlet
servers is shown in Figure 5. Similarly, the significance value « is set to 0.05, and after
calculation, P-value is 0.258414. Mathematically, Hy hypothesis: the alternative hypoth-
esis H;. Since P-value: 0.258414 > a: 0.05, Hy is accepted, which indicates that the
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difference between the average transmission delay of HA and IMHA is not big enough to
be statistically significant.

However, it can be seen from Table 3 that when n = 8, the resource capacity of the
cloudlet server ry is [150,250], and the number of cloudlet deployments solved by IMHA
is 2, which can meet the resource requirements of users. However, only the number of
cloudlets is 3 in HA, which can meet resource demand of users. Similarly, when n = 10,
the number of cloudlets solved by IMHA is 2, the resource demand of users can be met.
In HA algorithm, only the number of cloudlets is 3, which can meet the resource demand
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TABLE 3. Effect of the number of servers on the number of candidate cloudlets

[100,200] | [150,250] | [200,300] | [250,350] | [350,500]

server(k) FIVITTA A [IMIA HA [ IMOA HA [ IMOA TA [IMOA HA
1 5 31 3 3 2 32 2 2 2 2

6 5 3| 2 2| 2 92| 2 2l 2 9

g 35 3| 2 3| 2 92| 2 9| 2 9
10 5 3| 2 3| 2 2| 2 92| 2 9
12 5 30 2 92| 2 2| 2 92| 2 9

of users. With the increase of the number of cloudlets, the cloudlet server is already
sufficient and stable to meet the needs of users, and there is no need to further include
more candidate servers. This shows that IMHA has a high performance in solving the
number of cloudlet deployments and transmission delays.

4.3. Effect of the maximum resource demand of users on the number of cloudlet
servers. In this chapter, the number of users is set to 50, the number of wireless APs
is set to 20, and the number of cloudlet servers is set to 10. The resource demand of
the mobile user task request is generated in [10, 80|, after a group of experiments, both
methods are absolutely efficient at finding a feasible solution when du; < 10 and cannot
find a feasible solution when du; > 80. And the resource capacity of the server is drawn
from [10,500]. Meanwhile, as is shown in Figure 6, with the increase in the amount
of resources required for user task requests, ATD-IMHA is lower than that of HA, and
the MTD-IMHA is lower than that of HA. The comparison of the number of cloudlet
servers is shown in Figure 7. Similarly, the significance value « is set to 0.05. P-value is
calculated as 4.55191e-15. Therefore, Hy hypothesis: p1 = ps, the alternative hypothesis
Hi: pq # po. Since P-value < «, Hy is rejected, which demonstrates that the difference
between the average transmission delay of HA and IMHA is big enough to be statistically
significant.

8 0 v ] v | v | v ] v ] v | v 1 v |
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— e« ATD-IMHA
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FIGURE 6. Effect of the maximum resource demand of users on the trans-
mission delay
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FiGure 7. Effect of delay and the maximum resource demand of users on
the number of cloudlets

At the same time, it can be seen from Table 4 that when the number of users is 50
and du; is generated in [50, 80|, the number of cloudlet deployments solved by IMHA is
3, and HA has no feasible solution, only when du; is drawn from [40, 80], the number of
users is 40, HA can find a feasible solution. Only when the number of users is 30 and du;
is generated in [70,80], HA can find a feasible solution.

TABLE 4. Effect of the maximum resource demand of users on the number
of cloudlets

du; Ill\l/[SI?IrA_ I5{OA user HA
10 2 2 50 2
20 2 2 50 2
30 3 3 50 3
40 3 3 40 3
50 3 — | 40 3
60 3 — | 40 3
70 3 - | 30 3
80 3 - | 30 3

4.4. Effect of the maximum resources capacity of servers on the number of
cloudlet servers. The number of users is set to 50, the number of wireless APs is set
to 20, the number of cloudlet servers to 10, the minimum server resource capacity 7y is
10, and the maximum increases from 100 to 500. After a number of experimental tests,
we noticed that if the maximum server resource capacity r; < 100, there is no feasible
solution in most cases. Therefore, a feasible solution can be absolutely found when the
maximum server resource capacity r > 500. Because the resource capacity of the servers
is affected by the resource demand of users. As is shown in Figure 8, as the maximum
server resource capacity increases, MTD-IMHA and ATD-IMHA are lower than that of
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FiGURE 9. Effect of delay and the maximum resource capacity of servers
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HA. When 7 € [200,500], the comparison of the number of cloudlets corresponds to the
delay in Figure 9. « is set to 0.05, after calculation, P-value is 2.33147e-15. Hy hypothesis:
1 = o, Hy: py # po. Since P-value < «, Hy is rejected, which proves that the difference
between the average transmission delay of HA and IMHA is big enough to be statistically
significant.

Meanwhile, it can be seen from Table 5 that when the user’s task requirement resource
du; € [1,15] and the server resource capacity 7 is 250, the minimum number of cloudlet
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TABLE 5. Effect of the maximum resources capacity of servers on the num-
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deployment solved by IMHA is 2; however, HA is 3. However, when du; € [1, 35], IMHA
can find a feasible solution, but HA has no solution. Similarly, only when du; € [1,35],
can a feasible solution be found. These results shows that IMHA has high performance
and efficiency in solving the number of cloudlet deployments and transmission delay.

5. Conclusions. MEC provides a method to reduce the latency of cloud services by
building cloudlet infrastructure that are very close to the end users. In this article, we
study the problem of heterogeneous cloudlet deployment and user mobility in WMAN,
aiming at minimizing the number of heterogeneous cloudlet deployments while ensuring
the QoS of users. We first considered the user dynamics, the heterogeneity of cloudlet
capacity, and the average transmission delay for all wireless APs transmitting user requests
to cloudlets, and designed a new model for minimizing the number of heterogeneous
cloudlet deployments, and then this problem is formulated as an ILP problem, which is
proved to be an NP-hard problem. Finally, the method of selecting an optimal wireless AP
for cloudlet deployment is improved, and a heuristic algorithm with an improved strategy
to minimize the number of heterogeneous cloudlet deployment (IMHA) is proposed to
solve the problem. A large number of simulations show that the improved model and
algorithm have higher performance and effectiveness. In the future, we will consider the
cost and latency of cloudlet deployment as optimization goals, and study the combination
of deployment and task offloading among multiple cloudlet provided by different edge
service providers.
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