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Abstract—Mobile edge computing (MEC) has risen as a
promising paradigm to provide high quality of experience via
relocating the cloud server in close proximity to smart mobile
devices (SMDs). In MEC networks, the MEC server with com-
putation capability and storage resource can jointly execute
the latency-sensitive offloading tasks and cache the contents
requested by SMDs. In order to minimize the total latency
consumption of the computation tasks, we jointly consider com-
putation offloading, content caching, and resource allocation as
an integrated model, which is formulated as a mixed integer
nonlinear programming (MINLP) problem. We design an asym-
metric search tree and improve the branch and bound method
to obtain a set of accurate decisions and resource allocation
strategies. Furthermore, we introduce the auxiliary variables to
reformulate the proposed model and apply the modified general-
ized benders decomposition method to solve the MINLP problem
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in polynomial computation complexity time. Simulation results
demonstrate the superiority of the proposed schemes.

Index Terms—Content caching, Internet of Things (IoT),
mobile edge computing (MEC), resource allocation.

I. INTRODUCTION

ITH the rapid development of 5G network and Internet
Wof Things (IoT), computation-intensive applications,
such as natural language processing, face recognition, and aug-
mented reality, are explosively emerging [1]. Smart mobile
devices (SMDs) as the major application supporting platform,
have the limited computation capability [e.g., central pro-
cess unit (CPU) cycle frequency] and storage resource [2].
To address the conflict of the resource-intensive applications
and limited capability of SMDs, offloading the computation
tasks to the powerful cloud server by mobile cloud comput-
ing is an available alternative approach [3]. However, due
to the infrastructure-based cloud servers are far from SMDs,
the long transmissions are inevitable and challenge the qual-
ity of experience (QoE), especially for the latency-sensitive
applications [4], [5].

Mobile edge computing (MEC) is envisioned as a promis-
ing technology to react the above problem by deploying the
cloud server at the edge of the mobile networks, in prox-
imity to SMDs [6], [7]. If the MEC server is equipped
with computation capability and storage resource, computa-
tion offloading, and content caching approaches can be jointly
employed to improve user experience, especially network
latency. Computation offloading migrates the computation
tasks from SMDs to the resourceful MEC server, so that
the task execution can be accelerated. However, offloading
overmuch computation tasks will invoke extra overhead for
MEC networks under the constraints of communication and
computation resources. Consequently, offloading decision, i.e.,
whether to execute the computation task on the MEC server or
locally, becomes an important issue for each SMD. In [8]-[11],
the problem has been investigated for the purpose of improv-
ing the system utility, such as the reduction of the total latency
consumption, the minimum energy consumption, or the trade-
off between latency and energy. Furthermore, content caching
means that the requested contents can be cached from the
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Internet to the MEC server. This process can not only avoid
duplicate transmissions of the same content, but also alleviate
the bandwidth of backhaul link [12], [13]. Nevertheless, due to
the limited storage space of the MEC server, the bottleneck of
caching is expected as the increasing number of the requested
contents. Efficient caching strategies can be applied upon dif-
ferent contents. A large number of efforts on caching strategies
have been developed in the Web and the information-centric
networks [14], [15]. What is more, the integration of compu-
tation offloading and content caching has been attracting more
attentions with the emergence of MEC networks [16]-[18].

In this paper, we investigate a centralized MEC frame-
work with computation capability and content caching, where
spectrum and computation resources are jointly considered to
satisfy the requirements of latency sensitive computation tasks.
Our designed framework aims to minimize the total latency
consumption of all the computation tasks in the whole net-
work. The main contributions of this paper are summarized as
follows.

1) We jointly consider the computation offloading, con-
tent caching and resource allocation to formulate an
optimization problem to improve the quality of user
experience for SMDs with latency-sensitive tasks.

2) Based on the branch and bound (BB) method and prob-
lem constraints, we modify the deep search tree and
adopt the improved BB method to solve the optimization
problem.

3) We decompose the original nonconvex problem and
apply the modified generalized benders decomposition
(GBD) method to solve the problem with polynomial
computation complexity.

The rest of this paper is organized as follows. In Section
II, we review related works. The system model and problem
formulation are described in Section III. Section IV specifies
the problem reformulation and solution, where the modified
BB method (MBB) together with the GBD are presented.
Simulation results are discussed in Section V. The Conclusions
are drawn in Section VL.

II. RELATED WORKS

MEC-enabled networks equipped with cloud computing and
caching capabilities contribute to the improvement of user
experience compared with mobile cloud computing. However,
due to the competition for the limited resources of computa-
tion, communication and storage, computation offloading, or
content caching strategy is always investigated coupled with
resource optimization. Zhao et al. [9] considered an energy-
saving offloading framework by jointly optimizing radio and
computation resources in MEC networks. Guo et al. [19]
studied the problem of mobile edge computation offloading
in ultradense IoT networks, so as to minimize the overall
computation overhead of all tasks while satisfying the chan-
nel constraint. In [20], a semi-distributed heuristic offloading
decision algorithm was proposed to maximize the system
utility for the constrained transmission power and computa-
tion resources. An optimal cooperative content caching and
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delivery policy was proposed in [13] to minimize the aver-
age downloading latency under the constraints of storage and
bandwidth capabilities. In [18], a joint caching and processing
problem was formulated, subjecting to the caching and pro-
cessing capacity constraints. Most of these works are focusing
on improving the performance of MEC networks by utilizing
computation offloading, resource allocation, or content caching
strategies. However, these strategies are generally adopted
separately.

Some few works have considered the integration of com-
putation offloading, content caching, and resource allocation.
In [21], an integrated problem of computation offloading,
content caching, and resource allocation was formulated to
maximize the total revenue of MEC system operations. In
the full duplex-enabled small cell network with MEC and
caching, a virtual resource allocation was investigated in terms
of QoE of users and the corresponding resource consump-
tion [22]. However, both [21] and [22] aim to maximize the
total system revenue, such as the saving radio resource, com-
putation resource, and backhaul bandwidth, etc. When it comes
to the specific optimal objective (e.g., total latency or energy
consumption), the proposed schemes are not efficient. A com-
putation resource management scheme was studied by genetic
algorithm to enhance mobile terminal performance through
integrating computation offloading and data caching [23].
However, there is no consideration about communication
resource allocation. Chen ef al. [24] established the joint
problem of caching, computing and bandwidth resource allo-
cation, and the objective is to minimize the combination cost
of network usage and energy consumption. The interference
alignment problem was investigated in the communications,
caching, and computing oriented small cell networks [25].

Different from previous works, in this paper, we jointly
consider computation offloading, content caching, communi-
cation, and computation resource allocation in a centralized
MEC network, aiming to minimize the specific total latency
consumption.

III. SYSTEM MODEL AND PROBLEM FORMULATION

An illustrative system model of a centralized MEC net-
work is shown in Fig. 1. It consists of one macro eNodeB
(MeNB) and N SMDs. The MeNB equipped with an MEC
server is capable of executing computation-intensive tasks,
which is connected to the Internet via the core network of
cellular communication systems. SMDs are associated with
the MeNB using orthogonal frequency-division multiplexing,
where the spectrum resource allocated to each SMD cannot
be reused. The set of SMDs overlaid by MeNB is denoted by
N = {1,2,...,N}. In the network, SMD i has a computa-
tion task 7; = {d;, ¢;, T/"™*} to be executed, where d; denotes
the input data size of the computation task, e; stands for the
number of CPU cycles required for task execution, and 77"%*
is the maximum tolerance latency. In order to accomplish the
computation tasks, the MEC server can request contents (e.g.,
program codes) from the Internet through the backhaul link.
The MEC server has a content caching container and can
decide whether to store the content or not. If the content has
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Fig. 1. Illustrative network model.
TABLE 1
NOTATIONS
Notation Description
N The set of SMDs
Si Computation offloading decision of SMD 3
[ Content caching decision of SMD ¢
a; The percentage of spectrum resource allocated to SMD ¢
b; The percentage of computation resource allocated to SMD ¢
i The transmission power of SMD %
h; The channel gain between SMD and MeNB
52 Thermal noise power
B Total bandwidth
F Total computation capability of the MEC server
fil Computation capability of SMD ¢
M Total storage capability of the MEC server
pi(j) The popularity of the jth content requested by SMD 4
Ré’ The alleviated backhaul bandwidth

been stored, it can be reused. For each SMD, its task can be
either computed locally or offloaded to the MEC server for
execution.

We define the computation offloading decision of SMD i
as s;, and s; € {0, 1}. s; = 1 means the computation task is
remotely computed on the MEC server, while we set s; = 0
for local computation. The notations used in this paper are
summarized in Table 1.

A. Communication Model

When SMD i offloads the computation task to the MEC
server, the input data of the task needs to be transmitted to
the MEC server. For the uplink transmission, the achievable
spectrum efficiency of SMD i is denoted as

ri = 10g2(1 + p:_éh) (D
o
where p; is the transmission power of SMD, and h; represents
the channel gain between SMD and MeNB. o2 denotes the
background noise power, and we assume that it is constant
with respect to the slow fading channel [26].

The whole available spectrum bandwidth B Hz can be
divided and assigned to SMDs for input data transmission. Let
a; € [0, 1] denote the percentage of the spectrum bandwidth
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allocated to SMD i by the MeNB, the uplink transmission rate
of SMD i can be calculated by

Rl’-l = al-Br,'. (2)

Hence, the uplink transmission time depends on the size of

the input data, and the uplink transmission rate is
1 17
R;

3)

B. Computation Model

The task of SMD can be computed locally or remotely on
the MEC server via computation offloading. The correspond-
ing computation overhead (e.g., computation time) is mainly
relevant to the required CPU cycles of the computation task.

1) Local Computing: Let fl-l denote the local computation
capability (i.e., CPU cycles per second) of SMD i. If SMD
executes its task locally, the local computation time can be
obtained by

=4 4
P “4)

2) Edge Computing: The total computation capability of
the MEC server is represented as F. b; € [0, 1] is the percent-
age of computation resource allocated to SMD i by the MEC
server. The edge computation time of the task offloaded to the
MEC server can be described as

e ¢i
= F 5)

C. Caching Model

We denote ¢; € {0, 1} as the caching decision for SMD 1.
c¢; = 1 indicates that the MEC server chooses to cache the
content requested by SMD i, and ¢; = 0 otherwise.

If the task is offloaded to the MEC server, the server can
request the content from the Internet. Based on [27] and [28],
we assume that the popularity of the requested contents is
modeled as Zipf distribution. Thus, the popularity of the jth
popular content requested by SMD i can be given by

1/
pi() = +
Z/: 1/
where Ny is the total types of contents in the Internet. o rep-
resents a shape parameter of Zipf distribution, which can be
set as a constant value 0.56 [21], [29].

According to [21] and [30], if the requested content is
cached, the system will be rewarded with the reduction of
backhaul delay or the alleviation of backhaul bandwidth
between MeNB and the Internet. The alleviated backhaul
bandwidth for caching jth popular content requested by SMD
i can be obtained by

(6)

RY = pi()R (7)

where R is the average data transmission rate in the Internet.
From (7), it can be seen that caching performance depends
crucially on the popularity of requested contents. If the size
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of the content requested by SMD i is known as f;, then the
reduced backhaul delay can be derived as

_

5= R_ﬁ" 8)

Note that the caching capability of the MEC server is con-
strained as M. It is not possible to cache all contents. Besides,
SMDs have no ability of caching. Assume that the application
programs downloaded by SMDs have all basic program codes
to execute tasks. Hence, the content delivery is ignored for
local computing.

Therefore, when the task is executed by edge computing, the
total latency consumption of the offloading task is comprised
of the transmission time, execution time, and the backhaul
delay. It can be calculated by

=1+ + (1= cif )

where the backhaul delay can be removed for ¢; = 1, due to
the fact that the MEC server can adopt the cached content to
compute the task directly. Otherwise, the MEC server needs to
request the content from the Internet. Similar to [10] and [21],
the time overhead of computation outcome transmitted from
the MEC server to SMD is ignored in our system.

For SMD i, no matter whether its task is executed by local
computing or edge computing, the total latency of the task can
be represented by

Ty = s;™ + (1 — stk (10)

D. Problem Formulation

By jointly considering computation offloading, caching
decision and resource allocation, this paper aims to minimize
the total latency for fulfilling the computation tasks in MEC
networks. The problem model can be formulated as follows:

N
PO: min T;
s,c,a,b i
st. C1:0<aq;<s; Vi
N
C2: ) ai<1
i=1
C320<b,’<si Vi
N
C4: Y bi<l
i=1
C5:0<L¢<s; Vi
N
C6: Y cfi <M
i=1
d; e; fi e
C7 : s S RGPS L N
sl(aiBri + biF +( CI)R? + SZ)fil
T v

C8:5,€{0,1} Vi

C9:cief0,1} Vi an

where C1 and C3 are the constraints of available spectrum
and computation resources allocated to SMD i, respectively.
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C2 indicates that the sum of spectrum resources allocated to
SMDs with offloading tasks cannot exceed the total available
spectrum bandwidth. C4 means the sum of the allocated com-
putation resources for offloading tasks cannot exceed the total
computation capability of the MEC server. C5 guarantees that
only SMDs with offloading tasks need to request the contents
from the Internet. C6 ensures that the sum of the contents
cached from the Internet cannot exceed the storage capabil-
ity of the MEC server. C7 addresses that the total latency
of each computation task should satisfy the maximum toler-
ance latency. C8 and C9 are the binary variables to represent
offloading decision and caching decision, respectively.

In addition, we assume that ¢;/ fl.[ < T is always satisfied,
so as to guarantee that problem PO has an optimal solution [9].

IV. PROBLEM TRANSFORMATION AND SOLUTION

In this section, we first present some problem observation
and reformulation. Then, the MBB and the modified general
benders decomposition (MGBD) are introduced to solve the
optimization problem.

From the observation of problem PO, we find that both
offloading decision s and caching decision ¢ are integer vec-
tors, and resource allocation vectors of a and b are continuous.
Meanwhile, the integer vectors are coupled with the con-
tinuous vectors. Therefore, problem PO is a mixed integer
nonlinear programming (MINLP) [31], which is intractable
to find the optimal solution.

However, if the integer vectors of s and ¢ can be determined,
namely the sets of N7 = {ils; = 1,i e N}, Nij = {ilsi = 0,i €
NL NS ={ile;=1,i e N}, and N§ = {ilc; =0,i € N} are

available, then problem PO can be converted as problem P1

. d; e i e
P1: min ( +—+U-c) +Z—l
a,b Py aiBr; b,F Ri N f;
st. C1,C2,C3,C4 VieN
C6: > fi<M
ieNt
d; e fi . ‘
C7: — l—c¢)— < T VieN?
a;Br; + biF +( C’)Rb ! : !

1

(12)

where offloading decision and caching decision vectors are
decoupled from resource allocation vectors. Obviously, prob-
lem P1 is a convex optimization problem for the fixed integer
variables [32].

A. Modified Branch and Bound Method

According to the special constitution of problem P1, we can
adopt the BB method [33], [34] for the original problem PO,
which is sophisticated for the MINLP problem. The idea of the
BB method is similar to exhaustive search. It uses all integer
variables to establish a completed search tree and employs the
depth-first search strategy to find the accurate optimal solu-
tion. In our model, the integer variables {0, 1} are the set of
offloading decision and caching decision, which can be repre-
sented as (s, ¢). Furthermore, by considering the constraint of
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Fig. 2.

offloading decision and caching decision (CS5) in problem PO,
we establish an asymmetric search tree, as shown in Fig. 2.

In the asymmetric search tree, the root node of the tree
represents the original problem PO. The determination of
offloading decision always precedes caching decision. We
assume that offloading decision s; and caching decision ci
are located in the /th and (/ 4+ 1)th layers of the search tree,
respectively. Different from the completed and symmetric tree,
there is only one child node c¢; = 0 when the value of s is
determined as O in the tree. If the father node s; is determined
as 1, it has two child nodes, i.e., the left child node ¢, = 0
and the right node ¢, = 1. By traversing a path from the root
node to the leaf node, a group of integer vectors and the cor-
responding continuous vectors can be solved. After the whole
search tree is traversed, the optimal path and solutions can
be determined eventually. More detailed design of the MBB
algorithm can refer to [9] and [33].

B. Modified Generalized Benders Decomposition

In order to reduce the computation complexity, the GBD
method [35], [36] is introduced to solve the formulated prob-
lem. The GBD method decomposes the integer vectors and
continuous vectors into a master problem and a primal prob-
lem, respectively. The master problem is a mixed integer linear
programming (MILP) and the primal problem is a nonlin-
ear programming (NLP). The optimal solution of the original
problem can be obtained by iteratively solving the primal
problem and the master problem.

In case of the divide-by-zero error, we introduce two
microscales ¢; and &, to the continuous variables, namely
uj = a; + & and v; = b; + g, where u; € [e1,1 + ¢1]
and v; € [e3, 1 4 &2] should hold. Then, problem PO can be
reformulated into problem P2

N
o d; e fi ej
P2 : st{lnv El {s, (u,-Bri + vl_F + 1 - cl)R—f? + (1 - Sl)ﬁ
i—

i
st. Cl:e <u<si+e Vi

M=

C2: u <14+ Ngy
i=1

C3 e <vi<si+e Vi
N

C4: ) vi<l+Ne

4287
d; e fi 4]
C7: s — 4+ (=)= 1 —si)—
SI<M1'B}’,‘ + ViF +( Cz)Rib =+ ( Sl)f;!
<TM™ v
C5, C6, C8, C9. (13)

According to the definition of GBD, primal problem P2.1
can be obtained by fixing the binary variables in problem P2

P2.1:

_ d; e; o fi
i ] A R
Iznl,lvllz{si<ui3ri + ViF +(l CI)RI?)

1

s.t. Cl:s1<ui<§f+sl Vi
N
C2: Zui<1+N81
C3:82§V,'§§§+82 Vi
Cc4

C5:

<
N
C6: Y afi<M

d; e; fi e
C7 - ¥ ! L (1_"F)_’ (1_"F)_l
Si <MiBri + Vl‘F + Ci Rb + Si f;l

T v, (14)

For a fixed realization of the binary variables, primal prob-
lem P2.1 is convex. If the primal problem is feasible, it has
a unique continuous solution of (u¥, v¥). The corresponding
Lagrange multiplier A for the constraints can be obtained as
well. In addition, the optimal objective function value of the
primal problem is the valid upper bound (UB) of problem P2.

To simplify the description, we adopt x and y to represent
the set of continuous vectors and the set of binary vectors,
namely X = (u,v) and y = (s, c). The objective function
of problem P2.1 can be denoted by F(x,y), which can be
described as

F(x y")zi (0 (1)
’ "\xBr;  xiynF Vit RV
_ e;
+(1-3)5
i fil

15)

where y* = (¥, ¢¥), and it represents the set of fixed integer
variables. We define G(x, y) as the constraint set of the primal
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problem P2.1

x,‘—)_li-(—&‘l Vie N

N

in— 1 —N81

i=1

x,'+N—)_1§(—82 VYie N
N

Y xiyn — 1 — Ney

G(x, _k) =5 - .
y y{;N — y’;‘ Vie N

N
> Vinfi—M
=1
sk _di i ~k fi
yi XiBr; + x,-JfNF + (1 _yH'N)R_?)
+(1 =) -1 VieN
(1= )fil ' (4N+3)x 1.
(16)

Thereafter, problem P2.1 can be converted as the following
form:

a7)

Let L(x, §5) = F(x, ¥) + A,{G(x, ¥5), then we can obtain a
feasible cut when the primal problem is feasible, which can
be added to the master problem as a constraint condition

Pl(y) = L(xk, yk) + VyTL(xk, yk) (y — yk).

If the primal problem P2.1 is infeasible with respect to
¥¢, we can relax the primal problem into the following
subproblem:

(18)

4N+3
P22 : mxin Z Qj
j=1
s.t. G(x, y") —a<0
>0 V] (19)

where « is the introduced relaxation vector. Its dimension is
AN + 3, the same to the size of G(x,yk). In this case, the
infeasible primal problem is transformed to a feasible one.
Through solving the subproblem P2.2, we can obtain a con-
tinuous solution of x* and the Lagrange multiplier vector ny
for the constraints.

To accelerate the convergence of the relaxation subproblem,
the infeasible cut of the primal problem can be given by the
product of n; and the first order Taylor of approximation
for G(x,y) at the point (xk,yk), which is similar to the
outer approximation method [37]. The infeasible cut can be
obtained by

0"x.y) = uf (6(x".5") + VI,6(x". )

o (459))

(20)
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Based on the feasible cut and the infeasible cut, the master
problem to solve the binary variables can be formulated as

P23 : minz
y

st. Pliyy <z VieF
0"(x,y) <0 VmelF

Yoyi— Y wi<IB' -1 VmelF
ieB™ ieNB™
(B"={i:y"=1},NB" ={i:y!"=0})

yi€{0,1} Vie{l,2,...,2N} 1)

where F' and IF are the sets of the feasible primal prob-
lem and the relaxation subproblem, respectively. Herein, F =
{I|l < k,problem P2.1(y¥)is feasible} and IF = {m|m <
k, problemP2.1(y¥) is infeasible}. The third constraint of the
master problem is an integer cut [38], [39], which is added to
exclude the infeasible binary vector. After the finite K itera-
tions of MGBD, the optimal objective function value of the
master problem can be obtained, which is also the lower bound
of problem P2, namely LBX = 7K.

Lemma 1: If s and s* are the optimal offloading decisions of
problem P2 and problem PO, respectively, Zf\’: 180 = vazl s}
holds.

Proof: We define ! = [d;/(a;Bri)] + (ei/biF) + (1 —
) (fi/RY) and ' = [di/((ai + 1) Br)] + [ei/ ((b; + £1)F)] +
a1 - ci)(f}/Rﬁ-’) as the generated edge latency of SMD i for
problem PO and P2, respectively. The local latency consump-
tion is denoted by t,L = (ei/ fl-[). In order to obtain the minimum
latency consumption #; = s,-tf"l +(1 —s,-)tlL , the optimal offload-
ing decision is decided by the difference between tf” and tiL.
We assume that the value of ¢; is fixed, because it is not
affected by the introduced microscales.

For problem PO, if #/ —t* > 0, the optimal offloading
decision should be determined as s7 = 0. Otherwise, s7 = 1.
However, due to the introduction of microscales ¢; and &»,
the edge latency of SMD i in problem P2 is sensitive to
them. #! should be less than # in problem PO for the same
resource allocated. As a result, if tf” 1 _ tlL < 0 maybe hold
for 1 — & > 0, then 5; = 1 holds. Moreover, s; = 1 and
tﬁm — tf‘ < 0 should hold when tf” — tlL < 0.

Therefore, we draw a conclusion that the number of tasks
offloaded to the MEC sever of problem P2 is no less than that
of problem PO. |

According to Lemma 1, we design the joint computation
offloading, caching, and resource allocation algorithm based
on the MGBD method in Algorithm 1.

Algorithm 1 is mainly composed of two main procedures,
i.e., decision making and checking. The primary computation
offloading and caching decisions are determined by the MGBD
method at first. The MGBD method terminates in a finite num-
ber of iterations according to the convex set of continuous
variables and the convex objective function together with con-
straints for the fixed binary variables [40]. The stop criterion is
that the gap of lower bound and UB is less than a small value
¢ [41]. Then, we check each offloading decision and caching
decision based on problem P1. If removing the offloading task
can reduce the total latency, the corresponding task will be
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Algorithm 1: Optimal Computation Offloading, Content
Caching, and Resource Allocation via the MGBD Method

1 Initialization: ¥°, UB = +o00, LB = —o0, Ts = +00.
2 while |UB — LB|/LB > ¢ do

3 Solve the primal problem P2.1. If P2.1(¥¥) is
feasible, the continuous solution x* and the
Langrange multiplier A; can be obtained.

4 Caculate the upper bound UB = F(x*, §*) and the
feasible cut P! (y).

5 If P2.1(§'k) is infeasible, solve the relaxation
subproblem P2.2 to obtain x* and the Lagrange
multiplier 7.

6 Caculate the infeasible cut Q" (x,y).

7 Solve the master problem P2.3 to obtain the binary
vector y and the lower bound LB = zX.

8 Update &, [, m.

9 end

0 The binary vector y can be obtained through iterations.
uforn=1: " vy do

12 Solve problem P1 based on the binary vector y.
13 If P1 is feasible, the continuous vector x and the
optimal function value 7' can be obtained.

14 If P1 is infeasible, T = Tj.

15 if T <= T, then

-

16 Ty =T, X=X, ys=Y.

17 Sort all the partial derivations VyT L(xg,ys) of
SMDs with offloading tasks from large to small.

18 Set the offloading decision with the largest partial

derivations as 0 and modify the caching decision
according to constraints of C5 and C6.

19 Update the value of y.

20 end

21 end

22 Output the optimal solutions of the problem P1 xj, ys, 7.

transformed to local execution. The check operation terminates
until the total latency stops decreasing. After check opera-
tion is finished, the optimal decision and resource allocation
strategy can be determined simultaneously.

C. Summary of MBB and MGBD

In problem PO, if all integer variables equal to 0, namely
the extreme case that all tasks are computed locally happens,
then the proposed algorithms are infeasible. However, in fact,
the computation and storage capabilities of the MEC server
are always higher than that of SMDs, and at least one task
can be executed on the server. When problem PO is converted
as problem P1, the problem is convex. MBB and MGBD can
be used to solve the problem. Both of them adopt the simi-
lar idea of separating the binary and continuous variables to
solve the problem. MBB adopts the depth-first search strat-
egy to search the binary solutions at first, then the continuous
solutions can be determined by the convex optimization algo-
rithms. The main difference is that MGBD can find the optimal
binary and continuous solutions through several iterations.
The computation complexity of MBB depends mainly on the
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TABLE II
SIMULATION PARAMETERS
Parameters Value
Total bandwidth 16 MHz
Transmission power of SMDs 100 mW
Path loss model from SMD to the MeNB | 128.1 + 37.5log,4(R) dB
Thermal Noise density -174 dBm/H =z
Local computation capacity 125 GHz
Edge computation capacity 50 GHz

number of binary variables, while that of MGBD is affected
by the number of iterations.

The complexity of the proposed algorithms is detailed as
follows. To determine the value of one integer variable, the
MBB method needs to solve a nonlinear problem. Traversing
a path of the search tree, 2N nonlinear problems should be
solved. There are 3V paths in the whole asymmetric tree,
which can decrease 22V — 3V paths compared with the com-
pleted tree. In the worst case, 2N 3V nonlinear problems should
be solved for the problem and the computation complexity of
the MBB method can reach O(3"). Hence, the MBB method
still has an exponential computation complexity. Assume that
the MGBD method stops through K iterations, K nonlinear
primal problems, and K mixed integer linear master problems
can be solved. If the number of the check operation for the
decision variables is N, then N, nonlinear convex problems
can be solved, satisfying N, < vazl vi. Therefore, (K + N.)
NLP problems and K MILP problems can be solved to obtain
the optimal decision and resource allocation strategy, which
has a polynomial complexity.

V. SIMULATION RESULTS AND DISCUSSION

In this section, we consider a centralized MEC network
covered with a 200 m x 200 m area, where the MeNB is
located at the center and SMDs are randomly scattered over
the region. Each SMD has a computation task to be executed.
The input data size of the task is randomly distributed within
[100, 1000] KB, and the corresponding number of the required
CPU cycles is distributed within [0.2, 1] Geycles. The size of
requested content is 0.1 Mb and the remaining caching capa-
bility in the MEC server is 0.6 Mb. The transmission power
of SMDs is set to 100 mW when offloading the tasks to the
MEC server. The path loss model from SMD to MeNB follows
the 3GPP specification [42]. The total types of the Internet
contents are 50, and the average transmission rate between
the Internet and the MEC server is 100 Mb/s. The tolerance
latency of SMDs is randomly distributed between 0.2 s and
1 s. The main communication and computation parameters
employed in the simulations are illustrated in Table II.

Furthermore, simulation experiments are developed for
the proposed algorithms in comparison with the centralized
algorithm [22] and several baselines. “All local” represents
that all tasks are locally executed. “All offloading” indicates
that all tasks are offloaded to the MEC server, only content
caching and resource allocation are solved. “Equal spectrum
resource” and “Equal computation resource” show that the
spectrum and computation resources are equally allocated
to all tasks. System performance and resource allocation are
evaluated in this section.
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Fig. 3. Latency consumption versus the number of SMDs.

A. System Performance

In Fig. 3, we investigate the system latency performance
with respect to the number of SMDs in four schemes. The total
latency increases as the number of SMDs enhances. When all
tasks of SMDs are executed locally (i.e., All local), the latency
consumption is always higher than the proposed schemes. The
reason is that SMDs have the limited computation capability.
The latency consumption obtained by all offloading, central-
ized algorithm, MBB and MGBD is the same for N = 4,
which means the MEC server has enough computation capac-
ity to handle all tasks. The difference among them becomes
greater with the increase of the number of SMDs. The latency
consumption for all offloading increases dramatically and even
surpasses that for all local when N > 12. It can be explained
that fewer resources are allocated to each offloading task for
the limited total communication and computation resources.
On the other hand, the minimum latency consumption is
achieved by the proposed MBB algorithm. The latency gap
between MBB and MGBD is small and within 0.03 s, while the
latency difference between the centralized algorithm and MBB
is within 0.2 s. It can be observed that both of the proposed
MBB and MGBD algorithms outperform other schemes. In
addition, we also adopt the proposed schemes without content
caching to reveal the effect of content caching in Fig. 3. Note
that our model is converted to the joint optimization problem
of computation offloading and resource allocation when there
is no content caching. Then, only offloading decisions remain
in the integer variables, and we can establish a symmetrical
search tree and adopt the classical BB method to solve the
problem, i.e., BB (no-caching). The model and approach are
similar to [9] except for the objective function. As shown in
Fig. 3, the latency gap between MBB and BB (no-caching)
(or MGBD and MGBD (no-caching)) is about 0.3 s. Due to
the fact that caching contents from the Internet can alleviate
the backhaul bandwidth, the proposed algorithms with content
caching can decrease more latency than that without content
caching.
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Fig. 4. Offloading efficiency versus the number of SMDs.

We further discuss the offloading efficiency in the proposed
algorithms with and without content caching, as shown in
Fig. 4. The offloading efficiency is defined as the ratio of the
number of SMDs with offloading tasks to the total number of
SMDs. From Fig. 4, we can find that the offloading efficiency
obtained by the proposed algorithms with content caching is
higher than that obtained by the proposed algorithms without
content caching. The reason is that content caching can save
the backhaul delay, which allows more SMDs to offload their
tasks for edge computing. Besides, it can also be seen that
the offloading efficiency obtained by MGBD is higher than
that obtained by MBB in most cases. Associating the fact that
the latency of MGBD is larger than that of MBB in Fig. 3,
it indicates that the high offloading efficiency does not lower
latency consumption, which is attributed to the limited com-
munication and computation resources. As fewer resources are
allocated to each SMD, the total latency consumption grows.
Hence, it is of great importance to find the optimal offloading
decision and caching decision.

To demonstrate the complexity analysis of the proposed
algorithms, we show the running time of MBB and MGBD
in Fig. 5. From Fig. 5, the running time of the proposed
algorithms with content caching is always more than that
of the proposed algorithms without content caching, which
is attributed to the number of the unknown variables. The
proposed algorithms with content caching have more binary
variables, resulting in more computation processes. As the
number of SMDs increases, the running time of MBB and BB
(no-caching) increases dramatically and shows an exponential
growth. On the other hand, the running time of MGBD and
MGBD (no-caching) shows a slow rising tendency. Besides,
we can observe that the gap between MGBD and MBB
becomes wider with the increase of the number of SMDs.

B. Resource Allocation

In our model, spectrum and computation resources alloca-
tion are comprehensively considered. To investigate the effect
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Fig. 5. Running time of MBB and MGBD.

of resource allocation on the latency performance, we com-
pare the proposed algorithms with the centralized algorithm as
well as equal resource allocation. Fig. 6 illustrates the latency
consumption with respect to the increasing spectrum resource,
where the number of SMDs is selected as 10 and the com-
putation capability of the MEC server is set to 50 GHz. In
Fig. 6, the proposed MBB algorithm can still achieve the opti-
mal latency performance. The latency gap between MGBD and
MBB is within 0.03 s, smaller than that between the central-
ized algorithm and MBB. The latency consumption of equal
spectrum resource is more than the other three schemes. Due to
the underlying manifold of tasks, equal spectrum resource allo-
cation cannot provide more resources for the large computation
tasks but offer overmuch resources for the small computation
tasks, leading to additional latency, and resource waste. In
addition, the latency consumption decreases with the increase
of spectrum resource and the latency gap among four schemes
has a decreasing tendency in total. The reason is that more
spectrum resources can enable the decrease of the transmis-
sion time, which plays an important role in the total latency
consumption. In an extreme situation, all SMDs can offload
their tasks to the MEC server when the spectrum resource is
large enough.

Fig. 7 shows the latency consumption with respect to the
increasing computation resource of the MEC server. The
latency consumption decreases with the increase of compu-
tation resource. The reason is that more computation resource
can save more task execution time. However, the descent speed
of latency consumption with the increase of computation capa-
bility is much less than that with the increase of spectrum
resource. In particular, the latency consumption just decreases
by 0.15 s with the increase of computation capability from
42 to 66 GHz, far less than 1 s obtained by the increase of the
spectrum resource through the observation on the MBB and
MGBD curves. The tendency can be explained by the negli-
gible task execution time in the MEC server. Due to the fact
that the computation capability of the MEC server is more than
that of SMDs, the task execution time of edge computing is
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less than that of local computing. Hence, the proportion of the
task execution time to the total latency consumption is very
small compared with the transmission time. Besides, similar
to Fig. 6, the proposed methods are superior to the other two
schemes in Fig. 7.

In Fig. 8, the allocation of a group of communication and
computation resources is detailed. We choose an MEC network
scenario with 10 SMDs, where B = 16 MHz and F' = 50 GHz.
In this case, we list resource allocation result of SMDs with
offloading tasks in the order from small to large. From Fig. 8,
we can see that the sum of the radio of resources allocated to
all offloading tasks is approximately equal to 1 for the pro-
posed algorithm and the centralized algorithm, namely almost
all of communication and computation resources can be uti-
lized for these algorithms. However, not all SMDs can offload
their tasks to the MEC server for the equal resource allo-
cation scheme, leading to resource waste. This situation also
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explains why equal resource allocation scheme always obtains
the largest latency consumption in Figs. 6 and 7. On the other
hand, due to more SMDs with offloading tasks for the cen-
tralized algorithm, fewer resources are allocated to each SMD
compared with MBB and MGBD. Although the number of
SMDs with offloading tasks for MBB and MGBD is the same,
the allocated resources are still different. It can be explained
that SMDs with offloading tasks for MBB is not consistent
with that for MGBD. In addition, the gap of the allocated
communication resource between MBB and MGBD is gener-
ally greater than that of the allocated computation resource for
one task, which further indicates that the difference of network
latency between MBB and MGBD is mainly affected by the
transmission time.

VI. CONCLUSION

In this paper, the MEC network with computation capability
and content caching is investigated to improve QoE of SMDs
with latency-sensitive computation tasks. We jointly formu-
late computation offloading, content caching, spectrum and
computation resource allocation as an optimization problem.
The objective of the formulated problem is to minimize the
total latency consumption of all computation tasks. To solve
the formulated MINLP problem, we adopt the MBB method
to obtain a set of accurate solutions. Moreover, the MGBD
is applied to obtain the suboptimal solutions with polyno-
mial computation complexity. Simulation results demonstrate
that the proposed algorithms outperform the baseline methods
under various system parameters. In the future, the integra-
tion of computation offloading, content caching, and resource
allocation in the heterogeneous MEC networks deserves to be
explored.
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