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Abstract—Caching at base stations (BSs) is a promising scheme
to alleviate the traffic burden in mobile communication systems.
In this paper, we aim to minimize the average delay of all users in
the cache-enabled mobile network where the BSs can exchange
data with each other via X2 interface. We jointly consider cache
placement and user association problems and employ graph
theory to deal with the optimization task. For a given network
graph, we aim to find the maximum cliques and place different
files in the maximum clique so as to improve local cache hit
probability. In the user association procedure, we make the BSs
which store the requested files of users serve these users as many
as possible. Simulation results show that our proposed algorithm
yields the lowest delay among the other representative algorithms.

Index Terms—Cache, graph theory, mobile networks.

I. INTRODUCTION

Obile communications networks transport us towards

the era of internet of things (IOT), however, the massive
connections generated by the IOT applications also bring
a huge challenge to the mobile communications industry.
Investigations show that data transmission traffic will increase
by 8 times by 2020 compared to 2015 [1,2]. This trend is
due to the increasing demands for a large number of rich
media files, such as image and video streaming, which require
a large amount of data traffic and cause a serious burden on
the network. On the other hand, many requests in the mobile
networks are duplicated. If the unnecessary redundant data
transmission in the network can be reduced, the heavy network
load would be greatly alleviated.

Caching is proposed as a key technology for the LTE
networks. In [3], caching is proposed as a service in mobile
networks and a competitive mechanism is developed to min-
imize the average user delay in the competition of different
service providers. A novel caching framework is presented
for offloading backhaul and fronthaul load systems in the
cloud radio access networks in [4]. In [5], the authors first
measure the spatial and temporal request patterns in mobile
video systems, then a geo-cooperative caching strategy is
designed for mobile video transmission. In [6], virtual caching
placed at network edges is discussed. As an important issue
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in cache-enabled networks, cache placement attracts attentions
from researchers of both academia and industry. In [7], a
greedy algorithm is proposed for content placement in wireless
network and the average bit error rate is minimized. In [8],
the authors optimize content placement to improve the hit
probability in both single-tier and multi-tier heterogeneous
cellular network. In [9], a proactive caching policy is proposed
to maximize the offload probability with consideration of
average energy consumption in D2D communication networks.

It is noticeable that user association issue in cache-enabled
networks is also an important problem. In [10], the authors
consider both the quality of experience (QoE) requirements
of users and routing policies in the video cached network.
In [11], a scheme aiming to utilize small base station (BS)
is proposed with consideration of bandwidth allocation and
backhaul utilization, as well as a cache-aware user association
algorithm that minimizes the backhaul consumption of each
BS while satisfying the QoE requirements. A delay-based
heterogeneous cellular network caching strategy is proposed
in [12], where user association is considered together and a
distributed algorithm is developed to minimize the average
download delay of users.

In this paper, we aim to minimize the average delay of
all users in LTE networks, where BSs exchange information
via X2 interface. We consider cache placement and user
association problems. In the cache placement, we introduce
graph theory method. Each vertex in the graph represents
each BS. The BSs that can exchange information through
X2 interface are connected by edges. We find the maximum
cliques of connected vertices in the graph, and place different
files at these BSs in the same clique to improve cache hit
probability. Due to the limited radio resources in the BSs, we
consider the bandwidth and power constraints and associate
as many users as possible to the BS where the requested files
can be found. The contributions of this paper are as follows:

o We jointly optimize cache placement and user association

to minimize the average delay. We propose a graph-
theoretic method to store different files in local BSs so
that the average download of the files from the core net-
work can be minimized, then an efficient user association
algorithm is proposed with consideration of bandwidth
and power constraints.

o Our proposal method can significantly improve system
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performance as compare to other representative methods.
The average delay of users is much less than the most
popular caching policy (MC) and the random caching
policy (RC) schemes.

The reminder of this paper is organized as follows. In
Section II, we present system model and formulate our op-
timization task. In Section III, we describe the algorithms
in detail. Numerical results and discussions are presented in
Section IV. Finally, we conclude this paper in Section V.

II. SYSTEM MODEL AND PROBLEM FORMULATION

Consider an LTE network architecture with X2 interfaces
among the BSs and S1 interfaces between the BSs and the
core network. In practical mobile networks, only BSs within
a certain range of each other can exchange data via X2. There
are N/ BSs denoted as set N' = {1,2,3...N} and K users
denoted as set K = {1,2,3..K}. The hierarchical cache-
enabled mobile network topology is illustrated in Fig. 1, where
serving gateway, packet data network gateway and mobility
management entity are denoted as S-GW, P-GW and MME,
respectively. A finite files library F = {1,2,3,...F'} including
F' files should be requested by users. The size of each file
is Sy. BS n has a limited storage capacity C'AP, to cache
selected files from F. Each user may request some files f
from the library F, f € F. The probability of user request
corresponds the zipf distribution:

F
zp =0 ), (1
f=1

where « is zipf parameter, reflecting the skewed distribution of
the popularity of content, that is, Z]}Ll zy = 1 [13]. Statistically
speaking, the larger the value, the more possible the file to be
requested.

The available bandwidth and power of BS 7 is 0" and
pae®, respectively. hy ., is the channel gain between user
k and BS n. by, and py, represent the bandwidth and
power allocation if BS n serves user k, respectively. For user
k € K, the rate requirement is RZ”". According to Shannon’s
theorem, the available transmission rate between user k and
BS n can be expressed as follows:

nh n
Phnk, ] 2

b1 5 S
,n ,n

where N, represents the power spectral density of additive
white gaussian noise. I, is the interference introduced by
other BSs with unit bandwidth:
P B
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Let vy, , denote whether the requested file of user k£ can be
found in local BSs or not:

1
Pkn =
0

requested file of user k is found locally;

requested file of user k is not found locally.

“)

i
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Fig. 1. Tllustration of considered system model

Binary variable py, ,, indicates that whether user k is associated
with BS n or not:

1 user k associated with BS n;
Pkn = . (5)
0 otherwise,

and wy, , shows whether file f is placed in BS n or not:

1 file f cached in BS n;
Wi = . (©)
0 otherwise.

The delay of user to get files in mobile networks includes
wireless transmission delay and backhaul delay. The wireless
transmission delay between user k£ and BS n depends on the
size of the requested file and transmission rate, which can be
expressed as follows:

1 Sy Sy

kn —
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For wired backhaul, the backhaul delay of BSs is related to
the average link distance, the average traffic load. Generally
speaking, it can be modeled as a random variable following



exponential distribution with a mean value of Dp [14]. If the
requested file can be found locally, there is no backhaul delay
can be avoided. We can expressed it as follows:

D}, =(1-¢r)Dp. ®)

Consequently, the delay for user k to request file f when
served by BS n is described as

S
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Let D be the average delay of all users, thus D can be
calculated as

1
3> kP Do (10)

D= —
|K| ke feF neN

We aim to minimize the average delay of all users while
taking into consideration of practical constraints including the
bandwidth and power budgets of system. The optimization
problem can be formulated as follows:

min D
Pknsbk,nsPhon W n

st. Cr: Y bppn <b® VnelN,
ke
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an

where the inequalities of C; and C5 are the constraints of
bandwidth and power for each BS. ('3 is the cache capacity
for each BS. C; means the transmission rate requirements.
C5 ~ C7 are intuitive. Cyg denotes each user can only be served
by one BS.

III. OUR PROPOSED ALGORITHMS

As mentioned above, our proposed procedure consists of
two parts: cache placement procedure and user association. In
the cache placement section, we find the sets of BSs in which
any two BSs are connected by an edge. Then we put different
files in each BS in the set to improve cache hit probability.
Then we work out the user association problem to satisfy given
number of users with required transmission rate, where a joint
bandwidth and power allocation algorithm is introduced.

Tlustration of graph model

Fig. 2.

A. Cache Placement Procedure

Given an undirected graph G = (V, E'), where V is the set
of vertices which represents BSs and E is the set of edges
between two vertices. If two nodes are connected by an edge,
it means that they are connected via X2 interface. We find the
largest set of vertices where any two vertices in the set are
connected by an edge. It is the maximum clique of graph. For
example, try to find a maximum clique with five vertices in
the graph shown in Fig. 2. There are three maximum cliques
in this graph, which is {1,2,5},{1,4,5},{2,3,5}.

As an integer programming problem, maximum clique
problem (MCP) has many equivalent descriptions, the integer
programming problem is described below: Let ¢ : (0,1)" —
2°t(z) = {i e V :z; = 1}, Vo € {0,1}",VS € 2%, then
x=t1(S) ={x; :i=1,2,....n}, n is the vertex number
of a graph, where

1 ieS .
;= 0 ¢S (12)

min f(z) = -X7" x;
(13)

st. xi+x; <1,Y(i,5) e B,z e {0,1}",

if * is the optimal solution to (13), then the set of C' = ¢(z*)
is one of the largest clumps of graph G and |C| = —f(z™).
Due to x;,z; € {0,1},2; +x; <1,VY(4,5) € E' if and only if
z;x; =0, we have

f(x):—ixi+2 Z

(i,7)eE’ i>j

rixj =T (Ag - Dz, (14)
where A is the adjacency matrix of complementary graph
G’ of graph G. Maximum clique problem is equivalent to the
global quadratic 0/1 problem:

min f(z) = 27 Az

s.t. xef{0,1}" (15)
where A = Ag, — I. If =™ is the optimal solution to (15), the

set of C' = t(z*) is one of the maximum group in graph G
and |C| = —f(z").



TABLE 1
MAXIMAL CLIQUE PROCEDURE

Algorithm 1

1: Given the matrix of the graph, initialization R, P, X
2: MCP (R, P, X)

3: if P and X are both empty

4: report R as maximal clique

5: for each vertex v in P

6: MCP (Ru{v},PnN(v),X nN(v))
7: P := P\{v}

8: X =X u{v}

The algorithm to find maximum cliques in a given network
graph is given in Table I. Let R be the set that records vertices
that have been added to current maximum clique and set P
records vertices that have the possibilities to be added in set
R, that is, vertices that may have edges with all points in R.
Set X records the vertices that have completed the maximum
clique count, which role is to judge the repeatability for each
vertex. N (v) is a set of adjacent vertices of vertex v. The
procedure is as follows: Initialize set R and X to be empty
and P is the set of all vertices. Select a vertex v from set P,
add vertex v into set R and move the vertex which is not in
N (v) out of the set P and X. Then select another vertex from
the remaining P and repeat the above operation until P is an
empty set. If set X is also empty at this time, then R is a new
maximum clique, if set X is not empty, then R is a subset of
a maximum clique that has been found. Then back to the last
selected vertex v in set P and restore the set R, P, X to the
original states, meanwhile, remove the selected vertex v from
set P and add it to set X. Repeat the above operation until
all vertices have been traversed. After that, we put different
files in each maximum clique group to improve local cache
hit probability.

B. Delay Minimization Procedure

1) Bandwidth and power allocation algorithm: According to
Eq. (2), if all bandwidth of BS n are allocated to serve user
set KC,,, the required power for each user can be worked out:

bk n L?m
— > 2%.n —1].
Pk.n ng;n

Thus, we should solve the following optimization problem:

» X (2 Pem 1)

(16)

min
ben  pec, Hion
st. Crt Y by =bmar, a7
kelC,,

Coi bpp>0,YkelC,.

Eq. (17) turns to be a convex problem that can be solved by
convex optimization methods. The Lagrangian of (17) is

3 i (Qili, _1)
kel Hlﬁn

+)\( Z bk,n_b;,naz)_ Z ,uk,nblc,na
kel kelCp,

L=
(18)

TABLE 11
BANDWIDTH AND POWER ALLOCATION

Algorithm 2
1 Initialization:Cnt = 0, A(C™) =0, Apin =0, Amaw = 1

2: repeat

3: Cnt=Cnt+1;

4: )\(Cni) = (>\min + )\m,aw)/z;

5: for k€ ICp,

6: Calculate by, ,, that satisfies Eq. (17);
7 by, =max{0, by n}:

8 end for

9 if Ypexc,, bkeyn > 050

10 Amin = AC™

11: else

12: Amaz = AC7t;

13: end if

14: until A(C7) _ \(Cnt-1)| ¢ ¢

15: for ke ICp,

16: b;;,n =bpn;

17: Calculate pz,n using Eq. (16);
18: end for

. * * *
19: return bk n Pl ZkE}Cn, Pk

A and py, are Lagrange multipliers. Denote by, and A*,
iy, ,, be primal and dual optimal points with zero (iuality gap.
Acycording to Karush-Kuhn-Tucker conditions [13], we need
to solve the following equations:

1 Rpinino) S
A= 1- 2k BT 1], (19)
Hk;n bl:n
> b =077, (20)
kelkC,,
i = 0,05, > 0. @1

by ,, and \* can be obtained by using bisection method. The
detail of bandwidth and power allocation algorithm is in Table
II, where € and I' are a tolerance and a appropriate positive
integer, respectively. Suppose P, (Ky) = Yiex, Pr,, as the
optimal value of (17). If P,,(1C,,) is less than the power budget
of BS n, we claim that BS n can serve /C,, users with given
rate requirements.

2) User Association Algorithm: Assume K users with
rate requirements should be served by N BSs with limited
bandwidth and power, we need to decide each user should be
served by which BS. The required power p, ({k}) for user k
served by BS n is as follows:

({k}) = 2o (2Rm 1) 22)
Pn =7 o= )

ch,n
where Hy, ,, = (]V:filk) Initialize /), = &, Kiemp = K and

Niemp = N. Define K, as the set of users that have been
served. The remaining users and candidate BSs are denoted
by Kiemp and Niepp, respectively. We calculate p,, ({k}) for
k€ Kiemp, 1 € j\/}emp in each loop and work out the index
(K',n") in the light of the lowest required power p, ({k'}),
then we calculate p,,/ (K, U{E'}). If pr (K, U{E'}) < pIo®,

n



TABLE III
USER ASSOCIATION PROCEDURE

Algorithm 3

1: Initialization: KCr, = @,Yn € N5 Ktemp = K; Niemp =N
2: Calculate pn ({k}),k € K,n e N;

3: repeat

4 (k,7 n,) =arg min(k,n):ksKtemp,neNtemp pn({k});
5 it pr (K U {K'}) <pije®

6: Kn’ <« Kn’ U {k,};

7 Kte'rn,p ha Icte"Lp\{kJ};

8 else

9: Memp e Ntemp\{n’};

10: end if

11: until ’Ctemp =g or Ntemp =9

12: return /Cp,

it means that the user &’ can be associated with BS n, thus
we add k" into Kiemp, Ktemp = Kiemp\{k'}. Otherwise,
BS n’ cannot satisfy the rate requirements of the remaining
users because user k' requires the least power as compared
to remaining if consuming the same amount of bandwidth.
Consequently, BS n’ should be removed from MNep,. This
procedure terminates on condition that all users have been
served by the BSs or all active BSs cannot serve any users.
Our proposed user approximation algorithm (Algorithm 3) is
described in Table III.

Theorem 1. Algorithm 3 is a %-approximation algorithm for
user association problem.

The proof can be found in [15, 16].

IV. NUMERICAL RESULTS

We compare our algorithm with other representative cache
algorithms: most popular files cached at BSs (MC) and ran-
domly placing files at BSs (RC). Our proposal is labeled as
OC. The system parameters are as follows: The bandwidth of
each BS is 10M Hz and the maximum transmission power of
BS is 1 W. The path loss model is based on 3GPP standard
and expressed as 140.7 + 36.71og; (D), where D (in km) is
the distance between BSs and users. The standard deviation
of lognormal shadowing and the value of noise power spectral
density (PSD) are 10 dB and —184 dBm/Hz, respectively. The
data rate of each user k is randomly selected from [0.2 2 20]
Mbps and zipf parameter « is 0.9.

We evaluate the performances of our algorithm from the
following aspects: the number of BSs IV, the number of users
K, the number of files F' and the cache size CAP. Fig. 3
indicates that the average delay decreases as the increasing
of the number of BSs, where K =200, F = 50,CAP = 3. It
can be explained as follows: When more BSs are deployed,
more files requested by users can be found in the caches at
the BSs. Consequently, backhauling is not required and the
total delay of can be reduced. The delay of the MC varies in
a narrow range because the MC scheme can not exploit the
cache diversity gain. As a result, the increasing of BSs can not
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Fig. 4. Average delay as a function of the number of users

reduce the delay significantly. Our proposed algorithm yields
the lowest average delay as compared to others.

Fig. 4 shows the average delay as the function of the number
of users, where N = 20,F = 50,CAP = 3. As can be seen
from Fig. 4, as the number of users grows, the delay cost also
increases proportionally. It can be explained as follows: As the
number of users increases, more and more users cannot find
their requested file in the local BS since the number of users
served by a BS is limited due to the radio resource.

In Fig. 5, we can see the average delay increases when the
number of files increases, where K =200, N =20, CAP = 3.
This can be explained as follows: Given cache size of each
BS, as the total number of files increases, the proportion of
the cached files to the total files decreases. As a result, the
probability of the requested file found locally decreases. In
other words, more files should only be downloaded through
the core network, which inevitably increases the average delay.
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Again, the MC policy yields the larger delay and is not
sensitive to the number of files.

Fig. 6 illustrates how the cache size affects the average delay
of all users, where K = 200, N = 20, F' = 50. As the cache
size gets larger, the average delay declines because more files
can be stored in the local BS, which can improve the cache hit
probability. Consequently, the average delay can be reduced.
For the MC policy, since the each BS always stores the most
popular files, the file diversity of the locally stored changes
slightly even though the cache size increases. Our proposed
algorithm yields the lowest delay as can be seen from Fig. 6.

V. CONCLUSIONS

In this paper, we study the cache placement and user
association problem in cache-enabled mobile networks. Our
goal is to minimize the average delay for all users in the LTE
mobile communication systems. We introduce the maximum

clique strategy of graph theory to solve the cache placement
problem. For BSs in the same group, we place different files in
each maximum clique to improve cache hit probability. Then
we propose an efficient user association algorithm to serve as
many as possible users while considering cache hit probability.
Simulation results show that our proposed algorithm is better
than other representative ones.
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