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Abstract. Content caching in mobile edge networks has stirred up tremen-
dous research attention. However, most existing studies focus on predict-
ing content popularity in mobile edge servers (MESs). In addition, they
overlook how the content is cached, especially how to cache the content
with user devices. In this paper, we propose CMU, a three-layer (Cloud-
MES-Users) content caching framework and investigate the performance
of different caching strategies under this framework. A user device who
has cached the content can offer the content sharing service to other
user devices through device-to-device communication. In addition, we
prove that optimizing the transmission performance of CMU is an NP-
hard problem. We provide a solution to solve this problem and describe
how to calculate the number of distributed caching nodes under differ-
ent parameters, including time, energy and storage. Finally, we evaluate
CMU through a numerical analysis. Experiment results show that con-
tent caching with user devices could reduce the requests to Cloud and
MESs, and decrease the content delivery time as well.

Keywords: Mobile Edge Networks · cooperative caching · device-to-
device communication · content delivery.

1 Introduction

To cope with massive data traffic brought by the ever-increasing mobile users,
the traditional centralized network model exhibits the disadvantages of high
delay, poor real-time and high energy consumption. To solve these problems,
mobile edge network model is proposed, which can provide cloud computing and
caching capabilities at the edge of cellular networks. According to the survey
report by Cisco [1], the number of connected devices and connections will reach
28.5 billion by 2022, especially mobile devices, such as smartphones, which will
reach 12.3 billion. Cisco also points out that traffic of video will account for 82%
of the total IP traffic. Due to the massive content transmission traffic generated
by user requests, content caching is regarded as a research hotspot of mobile edge
network[2, 3]. Liu et al.[4] also indicates that mobile edge caching can efficiently
reduce the backhaul capacity requirement by 35%.
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When a user requests the content in traditional centralized network, the
content will be provided by remote server or Cloud, wherein there is usually du-
plicated traffic during the content transmission. By caching the content from the
Cloud to the edge of the network (e.g., gateway and base station), the duplicated
traffic can be avoided when the user chooses the closest mobile edge server. At
the same time, it has a better network quality than the traditional centralized
network. Due to the limited storage space, user devices cannot cache all the
contents. But with the development of the hardware, the computing and stor-
age capabilities of mobile devices have been improved greatly. Even though the
storage capabilities of a user device cannot be compared with that of Cloud and
MES, we can build a huge local content caching network relying on the explosive
growth of mobile devices, which could use D2D to provide content sharing ser-
vices [15, 16]. More and more studies show that a local content caching network
has a great potential to achieve content sharing.

In this paper, we apply a three-layer content caching framework in the mo-
bile edge network and aim to investigate the performance of different caching
ways under this framework. Caching the content from Cloud and MES to user
device could reduce the requests to Cloud and MES, as well as save the valu-
able bandwidth resources. It can also reduce the content transmission time and
energy consumption. Paakkonen et al.[20] studies the performance of local con-
tent caching network when using different caching ways. We refer their caching
strategies and make these caching strategies applicable to both MESs and user
devices. We assume that the content popularity is known and it conforms to the
ZipF model [24]. The main contributions of this paper can be summarized as
follows.(1) We combine MESs and user devices to cache the content to create a
multi-layer mobile edge caching framework. To the best of our knowledge, con-
tent caching that is assisted by user devices in mobile edge network has not been
well studied in previous work. (2) We prove that minimizing transmission costs
between MESs and user devices is an NP-Hard problem. We provide a solution
to solve this problem and describe how to calculate the number of distributed
caching nodes in a cluster. (3) We evaluate the performance of different caching
strategies under the proposed framework through a numerical analysis. Results
show that caching contents with user devices is feasible and effective.

The rest of the paper is organized as follows. Section 2 presents the related
work. Section 3 introduces the proposed framework. Problem description and
theoretical derivation are presented in Section 4. Numerical analysis results are
shown in Section 5. Finally, the paper is concluded in Section 6.

2 Related Work

In recent content caching studies of mobile edge network, they use different ma-
chine learning methods to predict the popular content or apply other technologies
to maximize the storage and computing capabilities of MESs [5–14]. For exam-
ple, Chen et al.[5] used a self-supervising deep neural network to train the data
and predict the distribution of contents. Liu et al.[10] proposed a novel MES-
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enabled blockchain framework, wherein mobile miners utilize the closest MES
to compute or cache the content (storing the cryptographic hashs of blocks).
In these studies, even there are many caching strategies, the predicted contents
are simply copied in MESs and the main optimization objective is the MES.
A survey of content caching for mobile edge network [3] indicated that mobile
traffic could reduce one to two thirds by caching at the edge of the network.
In addition, D2D as one of the key technologies of 5G could easily help user
to utilize the locally stored resources. And the QoE of users could have a great
improvement by local content caching [17, 19]. Video traffic accounts for the vast
majority of IP traffic [1], and Wu et al.[18] proposed a user-centric video trans-
mission mechanism based on D2D communications that allows mobile users to
cache and share videos with each other. Paakkonen et al.[20] also investigated
different D2D caching strategies.

Existing studies have combined the local devices with the cellular network
for traffic offloading. Kai et al.[25] considered a D2D-assisted MES scenario that
achieves the task offloading. Zhang et al.[26] focused on the requested contents
cached in the nearby peer mobile devices. They aimed to optimize the D2D
throughput while guaranteeing the quality of D2D channels. However, devices
randomly cached the popular contents [26], and there was not a global content
caching policy. In addition, devices are distributed within a small range so that
the communication could be established at any time. But in practice, we should
consider the scenario where the requesting device is far from the caching device.

3 System model

The mobile edge network structure used in this paper is shown in Figure 1. The
top layer is the Cloud, followed by the mobile edge server layer and the local
user device layer. In the local user device layer, the devices (nodes) are divided
into two types, i.e., Normal node and Caching node. When a device requests the
content, the sequence of the request is Local >> MES >> Cloud.

3.1 Caching strategies

Four caching strategies are adopted, and some contents are randomly distributed
across the MESs at the beginning.

(1) Default Caching (DC): Some contents are randomly stored in the MESs
and remain unchanged. If the MESs do not have the requested content, the
request will be sent to the Cloud.

(2) Replication Caching (RC): User caching nodes are called the caching
nodes, and MES is called the caching server. The MESs and user nodes store a
full copy of each content when the transmission process is finished. User nodes
are regarded as the content servers after they cache the contents. They could
send the desired content to the requesting device by the D2D communication.
But if the caching node leaves, all the caching contents are lost. It has to request
the desired content from the farther caching nodes or the MESs.
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Fig. 1. Architecture of the mobile edge network.

(3) Distributed Replication Caching (DRC): User caching nodes are called
the distributed caching nodes, and MES is called the distributed caching server.
Assuming that the number of user nodes is N , and n (n << N ) nodes are
selected as the distributed caching nodes by MESs. Distributed caching nodes
are responsible for content sharing to the normal nodes. Note that, distributed
caching nodes do not actively request any content for themselves. If a distributed
caching node requests the content for a normal node from the upper layer, all
distributed caching nodes cache the full copy of each content, which is returned
from the upper layer. That is to say each content is cached in n nodes. When a
distributed caching node leaves its cluster, an available node from that cluster
will replace it. Using this strategy, the cached contents are not easily lost. But
there is an additional compensation consumption when a new distributed caching
node recovers the previously cached content.

(4) Distributed Fragment Caching (DFC): Different from DRC, the content
is divided into several parts according to the number of distributed caching
nodes in the requesting cluster. That is to say each distributed caching node
stores a part of the content. The upper layer performs the content fragmentation
automatically during the experiment. Note that MESs use the DRC caching
strategy when user nodes use DFC.

3.2 User State

We assume that state space of a user is State = {Leave, Stay,Request}, and
the state-transition is a Markov chain with two reflective walls on a straight line
as shown in Figure 2.

Where Leave means the user leaves and deletes the cached contents. The
probability of Leave is pl. We assume that a user returns back to the cluster
conforming to the Poisson process. Stay means the user stay in the place with no
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Fig. 2. The state-transition diagram.

actions, and the probability of Stay is ps. Request means the user requests the
desired content, and the probability of Request is pr. We have ps + pr + pl = 1.
We assume that the number of all the users is N , N = {1, 2, ..., n}. The state
matrix of the user is denoted by State = {Stateij | i ∈ N, j = 1, 2, 3}. We use
0 and 1 to represent the user state, where 1 represents that the user is in the
corresponding state. The users can utilize the Service Set Identifier (SSID) to
access the cached content and sense the state of other users. In addition, the
users could receive the data from the MESs while they share the data to the
other user devices. To avoid the transmission game, we define a game strategy
set of an ∈ {0}∪N , wherein an > 0 means the user of n is willing to provide the
content sharing service. The value of an is subtracted by 1 whenever the content
is transmitted successfully. If an = 0, the user n is willing to request its desired
content, and set an with the default value after successfully requesting.

4 Theoretical Analysis

In this section, we first introduce the NP-Hard problem and present the per-
formance calculation formula for each caching strategy. When coming to the
distributed caching, the formula derivation of calculating the number of the dis-
tributed caching nodes is presented.

4.1 Problem Formulation and Solution

The contents are denoted as R = {r1, ..., rE}, and the size of each content is
set to s. The popularity of each content is denoted as W = {w1, ..., wE}. There
are m MESs and the set of MESs is denoted as S = {S1, ..., Sm}. The set of
α = {α1, ..., αm} means the storage space of the MESs, while β = {β1, ..., βn} is
the storage space of the users. And we have β << α. The content caching matrix
of the MESs is X = {Xm,E | Sm ∈ S, rE ∈ R}, and the content matrix of the
users is Y = {Yn,E | n ∈ N , rE ∈ R}. If a mobile edge server of m has cached
the content of E, then Xm,E = 1, otherwise Xm,E = 0. The content matrix of
the users has the same operations. The storage space of the MESs and the users
should meet the following constraints.

E∑
i=1

Xm,i · s ≤ αm, Sm ∈ S
E∑
i=1

Yn,i · s ≤ βn, n ∈ N
(1)
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When the storage space reaches to the maximum capacity and a copy of new
content needs to be cached, the Least Recently Used (LRU) algorithm is utilized
to realize the space release and content replace.

In addition, we assume that the transmission consumption of the users is ηu,
and the transmission rate is TRu. The values for each MES are marked as ηs and
TRs. Similarly, the symbols of the Cloud are ηc and TRc. We assume that CE is
the energy consumption and TE is the time overhead caused by transmitting the
content of E. We should make sure that the energy consumption and the time
overhead are minimized during each transmission. e.g., node k transmits the
content of E to node o, CEk,o and TEk,o should reach the minimum. That is to say
the distance or the route path between them should be minimized. The distance
matrix of the users is denoted as DU = {DUi,j | i, j = 1, 2, ..., n; i 6= j}, while
for each MES, the expression is DS = {DSi,j | i, j = 1, 2, ...,m; i 6= j}. When
the content of E is transmitted from node k to node o, the following constraints
(Problem 1, P1) should be satisfied.

(P1) Min (CE + TE)

s.t.
E∑
i=1

Xk,i · s ≤ αk, Sk ∈ S
E∑
i=1

Yk,i · s ≤ βk, k ∈ N

DSk,o = Min
g 6=o
{DSg,o | g = 1, 2, ...,m;Xg,E = 1}

DUk,o = Min
g 6=o
{DUg,o | g = 1, 2, ..., n;Yg,E = 1}

Where, after the transmission is completed, the required caching space should
not exceed the maximum storage capacity of the node. During the transmission
process, the shortest distance or route path should be chosen.

Theorem 1. Energy consumption and time overhead reach the minimum in P1
is an NP-Hard problem.

Proof. Travel Sale-man Problem (TSP) is a classical NP-Hard problem. During
the experiment, we assume that any object (i.e., any user) of o ∈ {N} requests
the content from the Cloud. The Cloud sends the content to the request object
of o going through the MES layer and the user layer. The route path of the user
layer is Ruser, and the consumption of the single-hop routing is νu. Let Rsever
denote the route path of the MES layer, and the consumption of the single-hop
routing is νs. We have νall = νu ∗Ruser +νs ∗Rsever, and our goal is to minimize
νall. We treat the request object of o as the Sale-man and consider the Cloud
as the destination. The total number of the travel itinerary between them is
Ruser +Rsever, and there are RRsever

user schemes. We need to find the smallest νall
of these schemes. Therefore, P1 is equivalent to the Travel Sale-man Problem,
i.e., P1 is NP-Hard.

Since P1 is NP-hard, we need to resort to a sub-optimal solution for P1. We
use a clustering algorithm to reduce the number of the available route paths, e.g.,
the improved K-means++ algorithm. In RC, the requesting nodes give priority
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to scanning other nodes within their own clusters. Frequent communication can
enrich the cache community greatly. In the distributed caching strategies, each
cluster has its own distributed caching nodes, wherein the normal nodes could
request the contents from the closest distributed caching nodes.

The clustering algorithms can be used for both the MES layer and the user
layer, and we take the user layer as an example to illustrate. The coordinate
vectors of the users is regarded as the training sample, which is denoted as
I =

{
Ii | Ii ∈ R2, i = 1, 2, 3, ..., n

}
, e.g., Ii = {xi, yi}. There are K clusters, e.g.,

Φ = {Φ1, ..., ΦK}. The center of the cluster is denoted as π = {πi, ..., πK}. The
number of the cluster members is denoted as ϕ = {ϕ1, ..., ϕK}. We calculate the
euclidean distance of each sample from the center. For ∀Ii ∈ Φi, we have:

‖Ii − πi‖2 = min
j
‖Ii − πj‖2. (2)

The indicator function g is used to check whether the distance between the center
and each sample is the shortest, which is expressed as

gi,j =

{
1, ‖Ii − πi‖2 = min

j
‖Ii − πj‖2

0, Otherwise.
(3)

When
n∑
i=1

K∑
j=1

gi,j is at its maximum, the error rate of cluster is the lowest. The

new centres will be calculated by the following expression.

πj =

n∑
i=1

gi,jIi

n∑
i=1

gi,j

. (4)

We use the improved K-means++ algorithm as shown in Algorithm 1.
If the center nodes are randomly selected and they are too close to each other,

the convergence will become slow, which degrades the performance of K-means.
Therefore, how to select the initial center nodes is optimized in Algorithm 1 (line
1 - line 11). We select the farthest node from the existing centres every time,
so the selected center could cover all the samples as far as possible. When the
center selection process is completed, the iteration process is enabled (line 12-
line 17).

4.2 Performance Formulation

To better describe the performance and check whether the content is transmitted
at the same layer, B = {b1, ..., bn, bn+1, ..., bn+m}. bEu = 1 is utilized to represent
that the content of E is transmitted by the user node of u.

Default Caching and Replication Caching have the same performance
expressions from the aspects of storage, energy and time. The utilized storage
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Algorithm 1 K-means++

Input: I,K
Output: Φ
1: Initialize the number of cluster center k = 0, the number of iteration n = 0, distance

array D = {0}, cluster center array π = {0} ;
2: Let k = 1, a node ∀Ik ∈ I is randomly selected as the first center, update π;
3: while k < K do
4: D = {0};
5: for each non-central node ∀Ii ∈ I do
6: Calculate the shortest distance by equation (2);
7: Update D;
8: end for
9: Select the node with the maximum value in D as the new center;

10: Update k and π;
11: end while
12: Let the number of iteration n = 1.
13: repeat
14: Partition each non-central node from I by equation (3).
15: Calculate the new centres by equation (4) and update π ;
16: until πj(n+ 1) == πj(n), ∀j = 1, 2, ...,K

space is represented as follows.

(

m∑
i=1

E∑
j=1

Xi,j +

n∑
i=1

E∑
j=1

Yi,j) · s. (5)

CE is expressed as:

CE =

ηu · s bEu = 1
ηs · s bEu = 0, bEs = 1
(ηs + ηc) · s bEu = 0, bEs = 0

(6)

TE is expressed as:

TE =


s

TRu
bEu = 1

s
TRs

bEu = 0, bEs = 1

( s
TRs

+ s
TRc

) bEu = 0, bEs = 0
(7)

Distributed Caching When using the caching strategies of DRC and DFC,
the nodes first request a distributed caching node. If the required content is not
found, the distributed caching node will request the closest distributed caching
server. Then, the required content is cached by the distributed caching node and
transmitted to the requesting nodes by D2D communication. If the distributed
caching server does not have the requested content, it will request the Cloud with
the same process. There are K clusters in the user layer divided by K-means++.
However, each cluster cannot specify only one node as the distributed caching
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node. If there is only one distributed caching node, it will be difficult to handle
a large number of concurrent requests, because transmitting the content to the
requesting nodes from one distributed caching node by D2D communication is
infeasible.

Taking the user cluster as an example, ξ denotes the number of distributed
caching nodes. It is assumed that ξK nodes are selected from cluster K as the
distributed caching nodes to cache and share the contents. For the distributed
caching strategies of DRC and DFC, the multi-objective optimization problem
(Problem 2, P2) is expressed as follows.

P2 : min f1 =
ξK∑
i=1

E∑
j=1

Yi,j · s

min f2 =
⌈
ϕK−ξK
ξK

⌉
· T

min f3 =
ϕK−ξK∑
i=1

·Ci
s.t. 0 < ξK < ϕK

E∑
i=1

Yk,i · s ≤ βk, k ∈ ξK .

Where, f1 denotes the storage space, and f1 of each node can not exceed the limit
value. Similarly, f2 denotes the time required to complete all of the requests, and
f3 denotes the energy consumption caused by all of the successful requests. The
optimization object of f1 is opposite to f2 and f3. When f1 decreases, fewer
distributed caching nodes provide the content sharing services, but at the same
time, f2 and f3 increase. When minimizing f2 and f3, f1 increases.

In order to solve P2, the Linear Weighting Method is adopted to make P2
become a single-objective optimization problem. The weight vectors are denoted

as u = {ui | ui ≥ 0, i = 1, 2, 3}, and
3∑
i=1

ui = 1. Each weight coefficient is corre-

sponding to fi in P2. Then P2 can be expressed as follows.

min
ξK

3∑
i=1

uifi(ξK). (8)

Let ui = ξi. And ξi is satisfied by expression (9).

fi(ξi) = min
ξk∈ϕK

fi(ξk) i = 1, 2, 3. (9)

Where, ξi is the optimization value making the object of fi reach the minimum.
Then we have the following expression.

u = [1, ϕK − 1, ϕK − 1]T . (10)

We substitute equation (10) into equation (8).

min F (ξK) =
β̄

2ϕK − 1
· ξK +

(ϕK − 1) · T̄
2ϕK − 1

· ϕK − ξK
ξK

+
(ϕK − 1) · C̄

2ϕK − 1
· (ϕK − ξK).

(11)
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β̄ is the average caching space, T̄ is the average transmission time and C̄ is the
average energy consumption. We take the derivative of ξK and set equation (11
) to 0. Then we have the following expression.

β̄

2ϕK − 1
− (ϕK − 1) · T̄

2ϕK − 1
· ϕK
ξ2
K

− ϕK − 1

2ϕK − 1
· C̄ = 0

β̄ − (ϕ2
K − ϕK) · T̄

ξ2
K

− (ϕK − 1) · C̄ = 0

(ϕ2
K − ϕK) · T̄

ξ2
K

= β̄ − (ϕK − 1) · C̄

ξK =

√∣∣∣ (ϕ2
K−ϕK)·T̄

β̄−(ϕK−1)·C̄

∣∣∣.
The result is an efficient solution to equation (11). It is round up to an integer
and considered as the number of the distributed caching nodes. We then discuss
the performance of DRC and DFC.

1) Distributed Replication Caching (DRC) : MES layer has KS clus-
ters, e.g., ψ = {ψ1, ..., ψKS}. The number of the distributed caching servers in
each cluster is denoted as S̄. The utilized caching space can be estimated by the
following expression.

KS∑
i=1

E∑
j=1

Xm,j · s · S̄i +
K∑
k=1

E∑
j=1

Yn,j · s · ξk

Sm ∈ ψi, n ∈ Φk.
(12)

The distributed caching servers within a cluster cache the same contents so that
only the copies of the content cached in one distributed caching server need to be
recorded. Then, multiplying the copies by the content size and the number of the
distributed caching servers, the result is the utilized caching space. In addition, in
order to guarantee the consistency of the distributed caching servers, Algorithm 2
is applied to add and delete the content. We take the MES layer as an example to
illustrate the algorithm. The energy consumption can be calculated by equation
(6). But if the content of E is transmitted from the upper layer, it needs to
be cached in the distributed caching server, as well as the distributed caching
nodes. So each layer will have additional transmission consumption: multiplying
the number of distributed caching servers or nodes by CE . When a distributed
caching node leaves, an available node from the same cluster will be selected
as the new distributed caching node. The selection rule follows Algorithm 1
(line 1 - line 11 ). The extra consumption caused by recovering the cached
content is also calculated by equation (6). We denote N̄r as the number of
nodes requesting content of E simultaneously. If the requesting nodes are more
than the distributed caching nodes, some requesting nodes have to wait until
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Algorithm 2 Adding and deleting the content

Input: rE , S, α,X
Output: X
1: Initialize the content r = null;
2: for i=0 to the number of the distributed caching servers do
3: while the caching space of Si >= αi do
4: Find r by LRU;
5: Delete r and update X.
6: end while
7: end for
8: for i=0 to the number of the distributed caching servers do
9: if Xi,E == 0 then

10: Cache rE and update Xi,E = 1.
11: end if
12: end for

the distributed caching nodes have the capacity to provide the content sharing
services. The required time is calculated by the following expression.

TE =


s

TRu

⌈
N̄r

ξ

⌉
bEu = 1

s
TRu

⌈
N̄r

ξ

⌉
+ s

TRs
bEu = 0, bEs = 1

s
TRu

⌈
N̄r

ξ

⌉
+ s

TRs
+ s

TRc
bEu = 0, bEs = 0.

(13)

2) Distributed Fragment Caching (DFC): The content is divided into sev-
eral parts. The size of each part of the content is different across the clusters.
The caching space is expressed as follows.

KS∑
i=1

E∑
j=1

Xm,j · s+
K∑
k=1

E∑
j=1

Yn,j · s

Sm ∈ ψi, n ∈ Φk.
(14)

If the target distributed caching node is busy, other parts of the required content
will be transmitted from other distributed caching nodes. The required time is
expressed as follows.

TE =


s

TRu

⌈
N̄r

ξ

⌉
bEu = 1

s
TRu

⌈
N̄r

ξ

⌉
+ s

TRs·ξ bEu = 0, bEs = 1

s
TRu

⌈
N̄r

ξ

⌉
+ s

TRs·ξ + s
TRc

bEu = 0, bEs = 0.

(15)

The energy consumption can be calculated by equation (6). There is no extra
transmission consumption when the content is transmitted from the upper layer,
because the total size that needs to be transmitted is equal to the size of the
original content. When a node is selected as the new distributed caching node,
the extra consumption caused by recovering the cached content is calculated by
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E∑
i=1

Ci, wherein

Ci =

{
ηu · sξ if Yi, = 1

0 Otherwise.
(16)

If all the distributed caching nodes are busy, the MESs will help to recover the
cached content. Then, we have Ci = ηs · sξ .

5 Experiment

5.1 Experiment Setup

10 MESs and 100 user nodes are randomly distributed within 500x500 meters.
The simulation ends after the transmission is performed for 5000 times success-
fully. The caching space of each MES is 100 MB, while the size of each user node
is 20 MB. We assume that the expectation of the Poisson process for the leaving
nodes is 100. All the MESs are distributed caching servers in their own clusters,
and they will not leave their places. The transmission parameters are set accord-
ing to a survey report [27], where ηu is 5 j/MB. The MESs and the Cloud utilize
the cellular network, where ηs and ηc are 100 j/MB. The transmission rate of the
user is between 54 Mb/s and 11 Mb/s within 200 meters, while for the MESs,
the value is between 1 Mb/s and 0.5 Mb/s within 500 meters. The value for the
Cloud is set to 0.5 Mb/s. There are 1000 video items and the size of each item is
20 Mb. The popularity distribution of the items is generally modeled as a ZipF
distribution. The default shape parameter θ is set to 0.56 [28]. The default game
strategy value of a is set to 1. The default requesting probability of pr is 0.6,
and ps is equal to pl, i.e., 0.2.

In addition, we add two comparison objects, i.e., DRC-Extra and DFC-Extra.
All user nodes in RC could cache the contents, while only the distributed caching
nodes have the caching ability in DRC and DFC. Therefore, to guarantee the
same caching capacity, we increase the caching space of the distributed caching
nodes in DRC-Extra and DFC-Extra. The new caching space of each distributed
caching node is calculated as follows.

new caching space =
the total caching space of RC

the number of the distributed caching nodes
. (17)

We calculate the average transmission time (ATT), average energy
consumption (AEC) and the number of local requests (LR) that are
served by the caching nodes or the distributed caching nodes. These metrics
are used to evaluate the effect on reducing the requests to the MESs and the
Cloud. The caching space (CS) is adopted for choosing an appropriate caching
strategy when the caching space is restricted.

5.2 Numerical Analysis

The DC strategy is utilized as a baseline for numerical analysis. In DC, contents
are randomly stored across the MESs and the cached contents remain unchanged
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during the whole experiment. The numerical analysis results under different
parameters are shown in Fig. 3a to Fig. 3o.

In Fig. 3a to Fig. 3d, items and θ are set to 1000 and 0.56 respectively, while
pr changes from 0.1 to 0.9. The increase of the request probability means fewer
nodes leave away and more different contents are cached. As a result, the caching
space increases (Seen in Fig.3c), while the energy consumption decreases (Seen
in Fig.3b). For DFC, DFC-Extra and RC, the copies of local contents increase
with the growth of pr. So the transmission time of them decreases. For DRC
and DRC-Extra, since they have to cache the full copy of each content and the
caching space is limited, the amount of the content cached locally is small. They
have to request new contents from the upper layer frequently, so the transmission
time of DRC and DRC-extra remains unchanged. Since the amount of content
cached on MESs increases, DRC and DRC-Extra spend less time than DC. Note
that the time consumption of DFC-Extra is high when pr is equal to 0.1. The
low request rate causes a large number of distributed caching nodes to leave,
and the requesting nodes have to wait for new distributed caching nodes to
recover the cached content. Compared with RC, cached contents are not lost
when using distributed caching strategies so that the caching space remains
unchanged. Meanwhile, the extra consumption of recovering the cached contents
causes higher energy consumption when using distributed caching strategies.

In Fig. 3e to Fig. 3h, θ and pr are set to 0.56 and 0.6 respectively, while items
change from 100 to 1000. When the number of items is 100 (most of the contents
are cached locally), the performance of each strategy is optimal, especially DRC
and DRC-Extra. It means that the distributed caching strategies perform better
with a larger caching space. The increase of items means more different contents
can be requested and the content caching update is more frequent, which causes
the increase of the transmission time (Seen in Fig.3e), the energy consumption
(Seen in Fig.3f) and the caching space (Seen in Fig.3g). Meanwhile, it reduces
the number of local requests (Seen in Fig.3h). The caching space of distributed
caching strategies remains unchanged because the number of the distributed
servers is fixed and the cached contents are not lost. The caching space of RC
fluctuates greatly caused by the leaving caching nodes. DRC and DRC-Extra
have to cache several full backups after each successful request, resulting in the
highest energy consumption (Seen in Fig.3f).

In Fig. 3i to Fig. 3l, pr = 0.6 and items are set to 0.6 and 1000 respectively,
while θ changes from 0.1 to 2. The parameter of θ determines the popularity
of the items. When θ is too small or too large, some contents will be requested
frequently. The performance of each strategy is optimal when θ is equal to 2,
where the popularity of the items is high. When θ changes from 0.1 to 1, the
transmission time increase s (Seen in Fig.3i), wherein the popularity of items are
evenly distributed gradually. The cached contents update frequently, resulting
in more energy consumption (Seen in Fig.3j) and fewer local requests (Seen in
Fig.3l). When θ is greater than 1, some contents are requested frequently. The
transmission time and energy consumption decrease, while the number of local
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Fig. 3. Experimental results under different parameters. Fig. 3a to Fig. 3d, items =
1000, θ = 0.56, pr ∈ [0.1, 0.9]. Fig. 3e to Fig. 3h, θ = 0.56, pr = 0.6, items ∈ [100, 1000].
Fig. 3i to Fig. 3l, pr = 0.6, items = 1000 , θ ∈ [0.1, 2]. Fig. 3m to Fig. 3p, pr = 0.6,
θ = 0.56, items = 1000.
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requests increases. The caching space (Seen in Fig.3k) remains high because
other requested contents are still cached.

In Fig. 3m to Fig. 3p, pr, items and θ are set to 0.6, 1000 and 0.56 re-
spectively. We evaluate the performance under different successful requests. As
depicted in Fig.3m, DFC-Extra has the minimum transmission time, and the
transmission time of RC and DFC is gradually approaching to each other. At
the beginning, the amount of the cached content of RC is small. However, the
cached content of RC is enriched gradually and the transmission time decreases,
while the transmission time of the distributed caching strategies increases due to
the small amount of the cached content and frequent content caching updates.
The energy consumption increases slightly (Seen in Fig.3n) caused by updating
and recovering the content. The caching space (Seen in Fig.3o) of the distributed
caching strategies remains unchanged after it reaches the maximum limit, while
the caching space of RC still fluctuates. The local requests (Seen in Fig.3p) of
DFC-Extra and RC tend to grow faster due to caching a large number of popular
contents.

The findings are summarized as follows. (1) The transmission time and en-
ergy consumption of RC, DFC and DFC-Extra are better than other caching
strategies in most cases. DFC-Extra performs best, but it needs a large cache
space and presents high energy consumption as well. (2) RC performs well in all
the scenarios. However, the cached contents are easily lost and the performance
degrades if the nodes in the community are not willing to share the contents.
(3) All the distributed caching strategies work badly when the nodes leave fre-
quently (e.g., pr = 0.1). However, all of them work well under high request
probability and popularity (e.g., θ = 2). The distributed caching strategies need
more caching space to work better, but they also cause higher energy consump-
tion. DRC and DRC-Extra seem to present the worst performance, but they
can keep working when only one distributed caching node provides service. In
DFC and DFC-Extra, the nodes have to wait when one of the distributed caching
nodes is lost. (4) More importantly, using user devices to cache the content could
not only reduce the requests to the Cloud and the MESs, but also decrease the
content transmission time as shown in Fig.3a and Fig.3d.

6 Conclusions

In this paper, we propose CMU, a three-layer (Cloud-MESs-Users) content caching
framework, which could offload the traffic from Cloud-MESs to user devices. We
describe the content caching problem and evaluate the performance of different
caching strategies under this framework. Numerical results show that content
caching with user devices could reduce the requests to Cloud-MESs, as well
as decrease the content transmission time. We will evaluate CMU with a real
testbed in the future. To attract more nodes to participate in content caching
and sharing, an incentive mechanism is also needed for the distributed caching
strategies.
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