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Abstract. The rapidly increasing content fetching requirements pose challenges
to the transmission performance of traditional cellular system. Due to the lim-
ited transmission performance of cellular links and the caching capabilities of the
base stations (BSs), it is highly difficult to achieve the quality of service (QoS)
requirements of multi-user content requests. In this paper, a joint user association
and content placement algorithm is proposed for cellular device-to-device (D2D)
communication network. Assuming that multiple users located in a specific area
may have content requests for the same content, a clustering and content place-
ment mechanism is presented in order to achieve efficient content acquisition.
A joint clustering and content placement optimization model is formulated to
minimize total user service delay, which can be solved by Lagrange partial relax-
ation, iterative algorithm and Kuhn-Munkres algorithm, and the joint clustering
and content placement strategies can be obtained. Finally, the effectiveness of the
proposed algorithm is verified by MATLAB simulation.
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1 Introduction

The rapid proliferation of new applications poses great challenges to the traditional cel-
lular systems. To improve user quality of service (QoS) as well as network performance,
device-to-device (D2D) communication technology can be applied in cellular systems
which allows adjacent user equipments (UEs) communicate with each other in a direct
manner without relying on the data forwarding of the base stations (BSs) [1]. Benefited
from the improved channel characteristics between D2D peers, D2D communication
technology is expected to improve system throughput, reduce transmission delay and
power consumption of the devices significantly.

Transmission mode selection and resource allocation problem in cellular D2D com-
munication systems was addressed in previous research work [5—8]. In [6], the authors
considered the transmission mode selection problem and presented an energy consump-
tion minimization-based optimal scheme. In [7], the joint transmission mode selection
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and resource allocation problem was formulated as end-to-end sum-rate maximization
problem and solved based on BS scheduling method. Considering the constraint on
transmission rate, [5] presented a joint transmission mode selection and power con-
trol scheme to maximize the energy efficiency of the system. While resource allocation
issue was stressed in [5-7], they failed to consider the efficient utilization of resources
in the system. Under the assumption of limited resources, the authors in [8] modeled
the transmission model selection problem as resource utilization maximization prob-
lem, and proposed a channel state-based model selection mechanism to achieve higher
resource utilization and D2D transmission gain.

By caching popular contents at the BSs of the cellular system or at certain UEs,
the performance of content fetching can be improved significantly. Considering a cel-
lular D2D communication system, the authors in [9] proposed an information-oriented
new network architecture enabling wireless network virtualization and D2D commu-
nications in order to achieve the maximum revenue of mobile operators. Taking into
account various user preference, [10] presented an optimal content delivery strategy
which achieves the maximum gain of network offloading.

While user association and content placement have been studied in previous work,
the joint design of the two strategies failed to be discussed extensively, thus may result
in undesired content fetching performance. Furthermore, while throughput or network
revenue were mainly considered in previous work, service delay, which is of particular
importance for delay-sensitive users, was not considered for designing joint user associ-
ation and content placement strategy. In this paper, we consider various content fetching
requirements of the users and the content delivery performance in different transmis-
sion modes, introducing clustering scheme, and propose a service delay minimization-
based joint clustering and content placement algorithm for cellular D2D communication
systems.

2 System Model and Proposed Clustering Mechanism

This paper considers a cellular D2D communication system, which is composed of
one BS and M content request users (RUs) and M serving users (SUs). Suppose RUs
request contents with a certain probability, and the total number of content files required
from RUs is denoted by K. Let P; ;, denote the preference probability of the ¢th RU,
denoted as RU; for content k, we obtain P; , € [0,1], 0 < Zszl Pr=11<i<M.
The size of content k is denoted by C.

In order to achieve efficient content request and reduce content fetching delay, we
assume that some popular contents can be cached at the BS or certain SUs, and RUs
are allowed to fetch content file in cellular communication mode or D2D transmission
mode. More specifically, in cellular communication mode, the RUs access the BS of
cellular system to acquire their required content files, while in D2D transmission mode,
the RUs interact with their D2D peers, i.e., SUs, to fetch their content files.

For the sake of simplicity, it is assumed that orthogonal frequency division multiple
access (OFDMA) scheme is applied for the information interaction in cellular com-
munication mode and D2D transmission mode. As various orthogonal subcarriers are
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Fig. 1. D2D communication application scenario

allocated for different RUs, there is no transmission interference caused among trans-
mission links. Figure 1 shows the cellular D2D communication system considered in
this paper.

Given content file requirements of the RUs and various content fetching perfor-
mance of the transmission modes, this paper aims to jointly design the transmission
mode for the RUs and the content placement strategy for the SUs.

In a cellular D2D communication system, some RUs may need to acquire same
content files. By caching some hot contents at certain SUs and employing D2D trans-
mission mode, efficient content access service can be achieved.

Taking into account the diverse content request of RUs and various channel char-
acteristics of the links between users, this paper applies clustering idea and proposes
a clustering-based content fetching mechanism. According to network status and user
characteristics, the RUs and SUs in the network are dynamically divided into multiple
clusters with each cluster consisting of one cluster head (CH) and multiple cluster mem-
bers (CMs). Without loss of generality, we assume that the CHs are allowed to access
the BS directly, while the CMs can only interact with their associated CH.

By suitably choosing SUs as CHs and caching selected content files at the CHs, the
CMs may fetch content files through connecting with their CHs in D2D communication
mode, In this way, intra-cluster content sharing can be achieved.

Let N; denote the maximum number of CHs in the system, and CH; denote the
jthCH, 1 < j < N;. Assuming each CH has a maximum cache capacity for caching
content files, we denote C;“a" as the maximum cache capacity of CH;, 1 < j < M.
Further assuming that each CH has a limit on the maximum number of associated CMs,
we denote Ny as the maximum number of CMs that associate with one CH.

3 Optimization Problem Formulation

In this paper, we stress the performance of service delay of the RUs, and formulate
joint user association and content placement problem as a service delay minimization
problem. The detail problem formulation will be discussed in this section.
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3.1 User Service Delay Formulation

The total service delay of the users in the system is defined as the sum of intra-cluster
D2D communication delay, the delay required for the CHs to fetch contents from the
BS, and the content fetching delay in cellular communication mode. We denote the total
service delay of the users by D, which can be expressed as

D = D™ + D" 4 pP (1)

where D™ represents the intra-cluster D2D communication delay, D" denotes the
delay required for the CHs to fetch contents from the BS, and D denotes the delay
in cellular communication mode. D™ in (1) can be expressed as

M M K
=D > > bBiDi )

i=1 j=1,j%#i k=1

where §; ; € {0, 1} is the association variable between RUs and the CHs, i.e., 0ij =
1, if RU; associates with CH;, otherwise, d; ; = 0; (3, denotes content placement
variable, i.e., 3; 1 =1, if content & is placed at CH;, otherwise, 3; 1 = 0; ng,k denotes
the service delay when RU; associates with CH; and receives content £, D?ﬁ j.J can be
expressed as

Ck
Djjk = R €)
where Rd is the transmission rate of the link between RU; and CH;.
In (1) DCh can be calculated as
M K
P=3"N 68k D5 “4)
j=1k=1

where §; ; indicates that RUj is selected as a CH, D5\, represents the corresponding
service delay when the BS sends content k to CHj;, and Dy ;; can be computed as

Ch
ik = Re o)
J
where R’ is the transmission rate of the link between the BS and CH;.
In (1), D" is given by
M K M
DP="3 1= > 6Bk | PirDly (6)
i=1 k=1 j=1,j#i

where D’; i 1s the resulted service delay when RU; associates the BS to obtain content
k, D?, & can be expressed as

D}y = Diy + D}, (7
where D) . and DY, denote respectively the data transmission delay and queueing delay
when RU assomates with the BS and acquires content k.
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3.2 Optimization Model

Under the constraints of user clustering, the cache capacity of CHs, and the minimum
transmission rate requirements of the RUs, etc, we formulate joint clustering and con-
tent placement problem in cellular D2D communication system as a constrained service
delay minimization problem, i.e.,

min D
84,585,k
st. Cl: (Si)j S {0, 1},Vi,j
C2: 0, €1{0,1}, V5, k

M
C3: Z(Sj’j S N1
7j=1

M

C4 . Z (51'7]' S NQ, Vj
i=1,i4j 3

M
C5: > 8 <1, Vi

J=1#i

K
C6: Y BjxCr < CF™, Vj

k=1
C7:R; > R™ Vi

where C1 and C2 are the binary condition of the CH association variables and the con-
tent placement variables, C3 represents the constraint on the maximum number of the
CHs, C4 and C5 are respectively the CH association constraint and the CH selection
constraint, and C6 is the maximum cache capacity constraint of the CHs. In C7, R;
and R™M" denote respectively the achievable transmission rate and the minimum trans-
mission rate requirement of RU;, hence, C7 represents the constraint on the minimum
transmission rate requirement of the RUs.

4 Solution to the Optimization Problem

Since the optimization problem given in (8) is a non-convex mixed integer optimiza-
tion problem, the optimal solution of which is difficult to obtain by the conventional
convex optimization algorithm. In this paper, by using the McCormick convex relax-
ation method [12] and the Lagrangian partial relaxation method [13], the original opti-
mization problem is equivalently converted into three convex optimization subprob-
lems and the modified Kuhn-Munkres (K-M) algorithm [14] is then used to solve the
subproblems.
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4.1 Reformulation of the Optimization Problem

The optimization problem in (8) contains a number of Boolean variables such as
di,j, B,k To tackle the coupling relationship between the variables, we define «; j 1, =
0i,8;,1 and replace d; ; 3; 1 by o j 1 in (8), i.e.,

M M K

AP ) 2 ICINS SIS Db TR

04,5385,k 5,k

i=1 j=1 k=1 i=1 j=1,j#i k=1
M
b
+ZZ(1_ D o) PeDly ©)
=1 k=1 Jj=1,5%#i
st. Cl1-C7

C8 1 jk = 0i,i Bk

C8 in above problem is a non-convex optimization constraint, which can be equivalently
converted to the convex optimization constraints C9—C12 by using the McCormick con-
vex relaxation method.

M M K
6ijaﬂI]1"llzf1ai.jk Zzzaz’]k 9k+z Z Zaldk Z]kPZk
SRR =1 =1 k=1 =1 o1 kel
M K M
+ZZ(1_ Z i) Pie, DY
i=1 k=1 j=1,5%#i
st. C1—-C7,C9—C12 (10)
Co:ay k>0

Cl0:ayjk > 655+ Bjp —1
Cl11: oy < 65
Cl2: a4k < Bjk
To solve the optimization problem in (10), we apply Lagrangian partial relaxation
method and relax the constraints C10—C12. In addition, the corresponding Lagrangian

multipliers 1; j k, ©i jk, 05k are introduced and the non-negative constraints on the
Lagrangian multipliers are added in the optimization problem, i.e.,

max min  L(0;;, Bjk, Qi jks Mij ks Pigks Oijik)
Mi,j.ksPirg k> 0i,g,k 0i,5,.85, k>0, 4.k

st. C1-C7, C9
C13:mik >0 (11)
Cld:pijr>0
C15:0, 1 >0
Given the Lagrangian multipliers 7; ; &, ©i j,k, @i 5.k, the Lagrangian function can
be expressed as
L(8s,5,, Bjokes i, ks Misgiks Pigkes 0i k)

12
= f1(0i ) + f2(Bjx) + f3(ijr) (12
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Since there is no coupling between the variables in the three functions f1(d; ;),
f2(Bj.x) and f3(cv j k), the original dual problem can be converted into three subprob-
lems, i.e., user association subproblem SP1, content placement subproblem SP2, and
the joint optimization subproblem SP3.

4.2 Tterative Algorithm-Based Solution

Since the optimization variables and the Lagrangian multipliers in the three subprob-
lems are related, in order to obtain the optimal solution of each subproblem, the opti-
mization variables and Lagrangian multipliers should be solved jointly. To this end, we
present an iterative algorithm-based method which calculates the optimization variables
and the Lagrangian multipliers successively.

Given the maximum number of CHs N7, we may consider different CH selection
possibilities. Let L denote the number of CH selection strategies. For each particu-
lar CH selection strategy, we solve the subproblems respectively based on the given
Lagrangian multipliers 1; j k., ©i,j.k, 05,5,k then compare the obtained total service delay
corresponding to various CH selection strategies, and select the joint clustering and
content placement strategy which offers the smallest total service delay as the global
optimal strategy.

K-M Algorithm-Based Solution to the Subproblems. For the [th CH selection strat-
egy, given the Lagrangian multipliers 7; j 1, i, j &, 0s,j,k» €ach subproblem is an integer
optimization problem containing binary variables, which can be regarded as the match-
ing problem in a bipartite graph. Hence, for individual subproblem, we may set up the
bipartite graph with corresponding vertex set, link set and the weight set of links. Then
applying the modified K-M algorithm, we can obtain the user association strategy 61(3-*),

(&%)

the content placement strategy BJ(.l’*), and the joint optimization strategy «; ik

Lagrangian Multiplier Update. Based on the local optimal solution 5§l’*), ﬂ(l’*),

»J Jik
aflj*,z, the gradient iterative algorithm can be used to update the Lagrangian multipliers.

The update formula are:

Mije(t+1) = [ig(t) —wi(ad 70 (0) +1 - 807 () — 847 ()] (13)
it +1) = i (t) — w2807 (1) — a0 (14)
0t +1) = [0 (t) — ws(BY7(8) — 7)) (15)

where w,, z € {1,2, 3} is the step size.
The algorithm proposed in this paper is shown in Table 1.



Service Delay Minimization-Based Joint Clustering 187

Table 1. Proposed joint user association and content placement algorithm

1. Determine L CH selection strategies;
2. Set the maximum number of iterations 7" and the
maximum tolerance delay ¢;
3. Setli=l;
4. Repeat main program
5. Initialize Lagrangian multipliers 7 j.x, ©i,j,k, 04,5,k
6. Solve user association subproblem, obtain local optimal
strategy 6; ;

Solve content placement subproblem, obtain local optimal
strategy (3j

Solve the joint optimization subproblem, obtain local optimal
strategy « ;
7. Update Lagrangian multipliers
Miok (4 1) = [0k (t) — wi(a ke (t) + 1= 6i5(t b - Bia®]
@ik (t+ 1) = [@i k(L) —w2(bi5(t) — 042 k)
9iﬁj,k(€u+ ]1\{) = [0:.5.0:(t) — w3(B7, k(t) — af ;1 (0))]F

if Z Z Z (i3 (E 4+ 1) = 15,0 (8)|+

1j=
e %1) som, k(O] 4 105,55 () — 0:5.1(8)]) < e
9. algorithm converges,

(]), (1),* (0),*

return & 7 =67 5, B 1 = Bl @k = Ok

10. elset *t-l-l

11. Repeat Steps 6-10 until the algorithm converges or ¢ = 7™
12. Setl=1+1,

13. Repeat Steps 5-11 until = L

14. {87;, 85,0, ) = argmin DO (5%, 30" o).

5 Simulation Results

In this section, we use MATLAB simulation software to evaluate and analyze the per-
formance of the proposed algorithm. The simulation scenario consists of a single BS,
multiple RUs and multiple SUs. The BS and users in the network are distributed in an
area of 200 m x 200 m. The coordinates of the BS are (100 m, 100 m), and the positions
of the users are randomly distributed. The number of users selected in the simulation
is 8, the transmit power of the BS 26 dBm, the minimum transmission rate require-
ment of the RUs is set as 2 Mbit/s, and the power spectral density of the noise is set as
—174 dBm/Hz, —160 dBm/Hz and —150 dBm/Hz.

Figure 2 shows the relationship between the total service delay and the number of
iterations obtained from the algorithm proposed in this paper. In the simulation, the
number of CHs is considered as 2 and 4, and the system transmission performance
corresponding to different subchannel bandwidth is considered. It can be seen that
the total service delay tends to converge within a small number of iterations, indi-
cating the effectiveness of the proposed algorithm. Comparing the delay performance
corresponding to different subchannel bandwidth, we can see the total service delay
reduces as the subchannel bandwidth increases. In addition, comparing the service delay
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performance corresponding to different number of CHs, it can be seen that when the
number of CHs increases, the total service delay increases. This is because as the num-
ber of CHs increases, the traffic load of the transmission links between the BS and the
CHs increases. As in general the link performance between the BS and the CHs may
not be as good as the intra-cluster links, thus longer service delay might be resulted.
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Fig. 2. Total service delay vs the number of iterations

Figure 3 shows the relationship between the total service delay of the users and
the arrival rate of the BS obtained from the algorithm proposed in this paper. It can
be seen that the total service delay of the users increases as the service arrival rate
service increases. The reason is that when the service arrival rate service increases,
larger number of packets are required to be transmitted, hence, longer queuing delay
is resulted which causes longer total service delay in turn. Comparing the performance
obtained from different average service rate, we can see that as the average service
rate increases, the total service delay decreases which is benefited from shorter queuing
delay. In addition, we can also observe that the increase in the number of CHs leads to
an increase in the total service delay.

Figure 4 shows the relationship between total user service delay and traffic arrival
rate under different minimum transmission rate limits. It can be seen that for relatively
low minimum transmission rate requirement, lower total service delay of the users can
be achieved, this is because to meet the minimum transmission rate requirement, a larger
number of links might be qualified, thus offering higher flexibility in determining user
association strategy and better service delay performance in turn.

Figure 5 shows total service delay versus subchannel bandwidth for different traffic
arrival rates. For comparison, we also plot the performance of the algorithm proposed
in [15]. It can be seen that given service arrival rate, the total service delay of the users
decreases as the subchannel bandwidth increases. This is because the higher subchan-
nel bandwidth offers a higher transmission rate and lower service delay in turn. We can
also observe that the total service delay increases as the traffic arrival rate increases
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Fig. 4. Total service delay vs service arrival rate (different minimum transmission rate)

as larger amount of service results in longer queuing delay and longer service delay
as well. Comparing the service delay performance obtained from our proposed algo-
rithm and the algorithm proposed in [15], we can see that our proposed algorithm offers
lower service delay than that proposed in [15]. The reason is that our proposed algo-
rithm addresses joint optimization of user association and content placement and aims
to achieve the optimal service delay, while the algorithm proposed in [15] is addressed
in algorithm.
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6 Conclusions

For the scenario of single-base cell cellular D2D communication system composed of
multiple RUs and multiple SUs, this paper proposes a joint user association and content
placement algorithm for cellular D2D communication based on delay optimization. In
order to achieve the performance of most users, a clustering mechanism is proposed,
which supports SU as the cluster head and supports the sharing of content by RU. Con-
sidering the constraints of cluster number, user association cluster head, cluster head
cache capacity and transmission rate, a joint user association and content placement
optimization model based on user’s total service delay is established. In this paper, the
Lagrange partial relaxation method is used to convert the original optimization problem
into three sub-problems of convex optimization, and an iterative algorithm is proposed
to jointly solve the sub-problems to obtain joint clustering optimization strategy and
content placement optimization strategy. Finally, the proposed algorithm can realize
the optimization of traffic transmission delay by MATLAB simulation.
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