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Abstract

With rapid growth of content demands, device-to-device (D2D) content sharing is exploited to
effectively improve the service quality of users. Considering the limited storage space and
various content demands of users, caching schemes are significant. However, most of them
ignore the influence of the asynchronous content reuse and the selfishness of users. In this
work, the user preferences are defined by exploiting the user-oriented content popularity and
the current caching situation, and further, we propose the social-aware rate, which compre-
hensively reflects the achievable contents download rate affected by the social ties, the
caching indicators, and the user preferences. Guided by this, we model the collaborative
caching problem by making a trade-off between the redundancy of caching contents and the
cache hit ratio, with the goal of maximizing the sum of social-aware rate over the constraint of
limited storage space. Due to its intractability, it is computationally reduced to the maximi-
zation of a monotone submodular function, subject to a matroid constraint. Subsequently, two
social-aware collaborative caching algorithms are designed by leveraging the standard and
continuous greedy algorithms respectively, which are proved to achieve different approxima-
tion ratios in unequal polynomial-time. We present the simulation results to illustrate the
performance of our schemes.
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1. Introduction

With the dramatical increase of content demands, wireless content sharing is experiencing

the proliferation of data traffic [1]. In a traditional cellular network, as the center of service
system, the base stations (BS) will undertake the scheduling of massive access devices and
information, leading to the rapid rise of wireless resource consumption. Simultaneously, it is
difficult for the BS to meet the content demands of all the users. In fact, there are a large
number of mobile devices in the network, whose data storage, computing processing and
information interaction capability can be regarded as available resources. Then, making full
use of these widely distributed mobile devices is one of the effective ways to relieve the
pressure of BS and overcome the shortage of wireless resources. Based on this, D2D com-
munication technology is adopted, which allows adjacent devices communicate directly with
each other [2]-[4]. It can not only relieve the pressure of BS and improve spectrum efficiency,
but also shorten communication delay. In this way, based on the proximity and data
pass-through features of D2D communications, widely distributed mobile devices can be
employed to resolve the problem for massive content sharing. In this regards, device-to-device
(D2D) content sharing is proposed, which takes advantage of D2D communications by ad-
dressing the issues about the content preset, matching and transmission [5], [6].

In a D2D content sharing scenario, the contents are cached in multiple mobile devices, and
these devices can share contents with each other by establishing D2D links, which can im-
prove the quality of service of users, such as reducing the download delay, increasing the
download rate, and so on. The devices are divided into two types, i.e., the content demanders
(CD) who request their desired contents, and the potential content providers (CP) who can
selectively cache some contents in their limited storage space to meet some CDs’ content
demands. In this regard, if a CP receives a request from a CD and it just has this content, it may
send this content to the latter via D2D communication. The authors in [7] provide an overview
on D2D content sharing, and point out that the D2D content sharing approach can achieve the
near-optimal throughput scaling law, in comparison with the traditional approaches that the
contents are obtained from the BS based on cellular communications.

However, considering the limited storage space of the CPs and various demands of the CDs,
the CPs cannot cache all contents that may be requested by the CDs, and the contents cached in
the CPs cannot meet all the content demands of CDs. In fact, the majority of content requests
from the CDs focus on the minority of popular contents, while a large number of contents
remain unpopular. Therefore, the CPs cannot cache contents at random. It is desired that the
cached contents are most likely to be requested by the CDs in the near future. Hence, how to
selectively cache contents is very important to D2D content sharing [8]. The content caching is
a key question for D2D content sharing, which can leverage the limited storage space of the
CPs to meet more content demands of the CDs.

Indeed, there exist many works to focus on the design of caching schemes in D2D content
sharing scenarios. In particular, most of them evaluate the performance of caching schemes
from the two different perspectives, i.e., the caching gain and the caching cost. Specifically,
the former mainly involves the network throughput in [9] and the cache hit ratio in [10]. The
latter mainly involves the energy consumption in [11] and the delay in [12]. In either case, the
influence of the asynchronous content reuse is ignored. That is, a few popular contents account
for a large part of the traffic, however, they are requested by the CDs at different times. In this
context, if some contents are cached too many times, the storage space of CPs may be wasted:;
otherwise, the cache hit ratio of the CDs may be reduced. Hence, how to make a trade-off



KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 14, NO. 3, March 2020 1067

between the redundancy of caching contents and the cache hit ratio of the CDs is significant
for designing the caching schemes. Most of these existing approaches only consider the
physical layer information, and have a common assumption that the users are altruistic. In fact,
considering the consumption of storage space and energy, the CPs may not be willing to cache

and share contents requested by the CDs. Hence, how to incentivize the CPs to cache contents
is also the key problem. As such, the following two questions should be answered.

Question 1: How to design the caching scheme with respect to the asynchronous content
reuse to strike a balance between the redundancy of caching contents and the cache hit ratio?

In the design of caching schemes, the content popularity is generally exploited to improve
the availability of preset contents, such as increasing the cache hit ratio of the CDs, e.g.,
[7],[13]-[17]. In essence, the content popularity characterizes the probability of request for
every content from all CDs [7]. Itis usually regarded as the Zipf distribution, so as to show that
the majority of requests from the CDs focus on the minority of popular contents. This content
popularity implies that the content demands of CDs are identical, and it just enables to show
the collective preferences from all the CDs [14]. Accordingly, it is hard to reflect the diversity
of content demands of individual CDs, which cannot conform to the fact that the content
demands of different CDs may well be diverse. To this end, one of the most effective ways to
increase the cache hit ratio is to amend the existing content popularity by adding the differ-
ences of individual users. For instance, the authors in [16] propose the request model for
correlated locations, and the content demands of CDs is modeled as the conditional probability
model based on the correlation value between users and contents in [17]. Inspired by these, we
propose the user-oriented content popularity to enhance the cache hit ratio, which character-
izes the content demands of different CDs.

However, the above methods for improving the content popularity may result in the re-
dundancy of caching contents and the waste of storage space for the asynchronous content
reuse, that is, the same contents are cached too many times, especially the popular contents. As
such, the collaborative caching is needed, which can be exploited to make a tradeoff between
the redundancy of caching contents and the cache hit ratio. The core of collaborative caching
model is that the CPs interact with each other to cache selectively contents, so that they can
cache more diversified contents. For instance, the authors in [18] discuss the cooperation
among the BSs and remote antenna units based on rateless network coding in distributed
MIMO systems. The authors in [19] propose to divide users and contents into several sections,
and then, the CPs in every section cache different contents so that they can provide more Kinds
of contents. In addition, the interaction between the caching situation of CPs is exploited in [8],
and then, the collaborative caching is achieved by exploiting the content popularity and the
current caching proportion of different contents. Note that, the excessive amendment may
make the rank of popularity of all the contents be out of action. For example, once the most
popular content is cached, its rank of content popularity becomes the lowest, and it will be only
cached in a CP. However, the most popular content may be requested by many CDs simulta-
neously. Inspired by this, we try to achieve the collaborative caching by adding the user
preferences, which is designed to characterizes the caching value of the contents for the CDs,
based on the user-oriented content popularity and the current neighbouring caching situation.

Question 2: How to incentivize the CPs to cache and share contents requested by the CDs?

Considering the consumption of storage space and energy, the CPs with the selfish nature
may not be willing to cache contents requested by the CDs. Hence, the design of caching
incentive mechanism is significant in D2D content sharing scenarios, such as the monetary
incentive in [20]. However, the monetary incentive mechanism ignores the influence of the
social relationships among users. In essence, the CPs may be willing to share contents with the
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CDs who have stronger social relationships with them. In order to create incentives for
caching, the social information can be exploited [21]. For instance, the authors in [22] propose
a hypergraph framework to design the content caching by considering the social ties among
users. In [23], the social information and the physical information is jointly adopted to obtain
higher performance. However, these existing works only combine the physical layer infor-
mation and the social information between the CPs and the CDs to stimulate the CPs to share
contents, and ignore the influence of social information among the CDs. In fact, the social
relationships among the CDs can be also introduced to incentive the CPs to cache contents.
Because the social ties among the CDs can reflect their interest similarity, and characterize the
correlation of content demands of the CDs, so that we can exploit them to properly charac-
terize different content demands of CDs. This will be helpful to select the contents most likely
requested by the CDs in the near future, and incentive the CPs to cache these valuable con-
tents.

Motivated by these observations, we consider the social-aware collaborative caching based
on the user preferences in D2D content sharing scenarios. The main contributions are sum-
marized as follows:

i) The user preferences are defined to characterize the caching values of the contents for
different CDs, which are composed of the user-oriented content popularity and the current
caching situation. In particular, the former is proposed by considering both the content pop-
ularity and social ties, so as to characterize various content demands of individual users.

ii) The social-aware rate is proposed, which characterizes the achievable download rate
affected by the social ties, the caching indicators, and the user preferences. With the goal of
maximizing the sum of social-aware rate, the social-aware collaborative caching problem is
modeled to strike a balance between the redundancy of caching contents and the cache hit
ratio.

iii) The problem is simplified to be the maximization of a monotone submodular function
over a matroid constraint. Then, two kinds of social-aware collaborative caching algorithms
are designed by leveraging the standard and continuous greedy algorithms respectively,
which are proved to achieve different approximation ratios in different polynomial-time.

The remainder of this paper is organized as follows: In Section 2 and 3, we describe the
system model and problem formulation. In Section 4, the above problem is reduced to be the
maximization of a monotone submodular function over a matroid constraint. Then our algo-
rithms are designed and analyzed in Section 5. Finally, some simulations are done to prove the
performance of the algorithms in Section 6 before the conclusion in Section 7.

2. System Model

As shown in Fig. 1, there is a central base station (BS) and multiple users in a cell. Some users
can cache some contents in their limited storage space, and some users want to acquire some
contents. Hence, the users are divided into two types, i.e., the CPs who can cache some con-
tents to meet others’ content demands and do temporally not retrieve contents for themselves,
and the CDs who request their desired contents. Then, they form P ={p,,L. , p;,L , py} and

D={d,L ,d, L ,d,} respectively, where N isthe number of CPs, and M is the number
of CDs. Moreover, the contents, which the CDs in D want, constitute a library
F={f,L, f,L, f}. Ifthese CPs have these contents and they can establish D2D links with

some CDs, the latter may well obtain the desired contents from some of these CPs based on
D2D communications. Once the request of a CD cannot be satisfied by any CP, it will obtain
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its desired content from the BS. Note that, the BS can afford any required contents, and thus, it
can be regarded as a CP. In this way, we define the set of the CPs who can establish the D2D

links with d; as P(d;)={p, Ry 0 2 Rats where R, is the minimal achievable rate of d,,

and Rpj,di is the achievable rate of the D2D link between d; and p;. Here, we employ the

underlying D2D communication sharing downlink resources with reuse mode. Then, we can
leverage the existing resource allocation schemes, e.g., [3], to properly schedule the cellular
links and coordinating their transmit power to mitigate the interference and derive the optimal
link rate. Then, according to [24], Rpj,di can be expressed as

qp g Ho' s

R, d:logz[u—"“"' ha J 6
i 2 Cji
o +q, Hy

where qf;j'ydi is the transmit power of p; when it sends contents to d; via the D2D link

which reuses the link of an ordinary cellular user ¢;,and g isthe transmit power of BS for

i

;i» and

C.. HY

i o.¢ denotes the channel gain from p; to d; by reusing the downlink of ¢

Hjj‘ denotes the channel gain from the BS to d,. They are modeled by the propagation

channel model with path loss and frequency flat Rayleigh fading. & is the variance of the
additive white Gaussian noise. Specifically, there is at most one D2D pair reusing the link of
every ordinary cellular user.

Content provider BS: Base station

Content demander a Contents
Fig. 1. The system model.

As mentioned above, the CPs need to make the most of their limited storage space by
caching contents selectively to meet more content demands of CDs. Take Figure 1 as an ex-
ample, d,,d, and d, all requests f,,f,,f,, and f, with a specified probability, and the
probability is decreasing. d, can establish the D2D link with p,, and thus p, selects to
cache f, and f, to meet the content demand of d, as far as possible. Moreover, when the
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CDs can establish the D2D links with multiple CPs, these CPs need to cache diversified
contents selectively by using the interaction among the CPs to avoiding the redundancy of
caching contents and the waste of storage space. That is the collaborative caching. For ex-
ample, d, can establish the D2D links with p, and p, respectively. Hence, p, and p,
should cache these contents without repetition by exploiting the interaction between them.
Thus, once f, and f, are cached in p,, p, selectstocache f, or f, nextbased on the
current caching situation of p,. That is the collaborative caching, which can be exploited to
make p, and p, cache different contents by the interaction between them to meet the con-

tent demands of d, and avoid the waste of storage space of p, and p,.

3. Social-Aware Collaborative Caching Model

3.1 Social Tie

Since the CPs need to exploit their limited storage space to cache contents, and consume their
energy to share contents, the CPs may not be willing to cache some contents requested by the
others and share contents with them due to the selfish nature of CPs. To this end, how to
stimulate the content caching and sharing is of importance. In fact, the CPs prefer to offer
contents to some CDs who have stronger social relationships with them, such as friends and
acquaintance. In this regard, the social information, which can be obtained from the social
networks, can be adopted to stimulate the CPs to share contents.

According to [25], we employ the social tie S5, e[O,l] to characterize the strength of
social relationship between d; and p;. The larger the value of S4,.p, » the stronger the social
relationship between d; and p;. Inspired by [25], we firstly can obtain the Jaccard coeffi-
cient Jy ,

bdi,yI bp,ny
Jopy=T————
o bdivy prj,y

stands for social factors of d; and p;respectively. Here, the social

@)

where b, , and by ,
factor can be derived from the friend sets, the locations or the interests of d;, and p ;- The
social tie s, , can be obtained by considering these social factors of d; and p;. Thatis, it

can be expressed as
W
Sd.,pj ZZOWdeuerxy . (3)
y=i

Here, w, denotes the relative weight of each social factor, and there are W social factors

influencing the social ties. In essence, the social tie in (3) indicates the similarity in some
aspects. For example, when the social factor is derived from the interests of d, and p ;» the

resulting social tie shows the interest similarity between them.
Similarly, the social tie s, , between d; and d; can be described as

W
Sd,.d, zzwy‘]d,,dj,y , 4
y=0
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b, ,Ib
ddiy = %Y %Y gince the correlation of content demands of CDs is related t
by Ubdj'y

0 the interest similarity between the CDs, the social ties can be used to characterize the
content demands of individual CDs.

where J

3.2 User-Oriented Content Popularity

To selectively cache contents, it is important for the CPs to know which contents the CDs want
to request. In general, the demands of the CDs can be regarded as the content popularity, and
obey the Zipf distribution, which represents the probability distribution of requests for the
contents set F[17]. Thus, the probability g, thatthe content f, is requested is
1/ 1)
qy = K(—k) : (5)
1)

=1

K
Here, g, €[0,1] and ) q, =1. 2 is the demand dominance factor [12]. The Zipf distri-
k=1

bution is more skewed with larger A, which means that a very large number of content de-
mands focus on a very small number of contents.

Actually, the content demands of the CDs may be diverse. The aforementioned content
popularity just characterizes the collective preferences from all the CDs, rather than reflecting
the diversity of content demands of individual CDs. Considering that the social ties between
the CDs can be used to describe the correlation of content demands of CDs, by characterizing
the interest similarity between the CDs, we try to define the user-oriented content popularity
by combining the content popularity with the social ties. Importantly, the user-oriented content
popularity g, , isthe probability that content f, is requested by d; , so as to characterize

various demands of the CDs.
Inspired by [17], we define the correlation value h(Ud, Vi ) , Which reflects the relatedness

between d, and f,. The larger the correlation value, the larger the probability that the con-

tent f, isrequested by d,. The correlation value h(Udi ,ka) can be expressed as

h(Ug.Vy, ) =(1-1U, -V, \)Ml} . 6)
Here, h(Udi ,ka)e[o,l]. The BS assigns a variable V, €[0,1] to f,, and d; assigns a
variable U, [0,1] to himself based on his interest. For example, if d; is interested in the
basketball matches, and the content f, is related to the basketball matches, the correlation

value h(Udi ,ka) is large. Based on this, the user-oriented content popularity based on the

correlation value can reflect the degree that individual CDs are interested in some contents.
Different from that g is a fixed parameter in [16], [17], we define g = E[sd_dj ] which

characterizes the average similarity of content demands of all CDs. The smaller the value of
p , the worse the content demands of the CDs are correlated.
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Hence, the user-oriented content popularity g, , can be represented as

h(U, .V
Uq, 1, :%M(di—fk)- (7)

In this regard, the user-oriented content popularity q, , can reflect different content de-

mands of individual CDs to some extent, because it not only can reflect the popularity of
contents for all the CDs based on the Zipf distribution, but also can characterize the diversity
of content demands of individual CDs based on the interest of CDs.

3.3 Collaborative Caching Model Based on User Preferences

The collaborative caching is of importance to avoiding the redundancy of caching contents
and the waste of storage space. With the goal of increasing the utilization ratio of the storage
space, we propose the social-aware collaborative caching based on the user preferences. In
general, the collaborative caching helps to cache more diversified contents by using the in-
teraction among the CPs. The common way is to make use of the interaction among the
caching situation of CPs. For example, in [8], the collaborative caching can be achieved by
exploiting the content popularity and the current caching situation. However, the content
popularity cannot describe the diversity of content demands of individual CDs. Recall that, the
proposed user-oriented content popularity can better characterize various content demands of
CDs. Hence, we try to add it to refine the collaborative caching model.

Specifically, we define the user preference of d, for content f, based on the user-oriented

content popularity and the current caching situation as G, (xfkypj) , Which characterizes the

caching value of the contents affected by various content demands of the CDs and the current
caching situation of the CPs. It is expressed as

Gd,,fk (ka,pj ) = qd,,fk [1_ gd,,fk (ka,pJ )] : (8)
Here, g, ; (X;, ;) is the current caching situation of content f, within the range of D2D

communications of d;. Itis expressed as

> X
pieP(d;) " frPj
gd,,fK (ka,pj)z Zj d; .

ijP(di)CpJ

©)

Here, X, p, e{O,l} is the caching indicator. If X, p, =1, the content f, is cached by p;.
Otherwise the content f, is not cached by p;. Besides, cf;l €{0,1} is the indicator of po-
sitional relation between d; and p;, which is determined by the BS. If p; is within the
range of D2D communications of d,, c‘;ij =1. Otherwise c‘;‘J =0. Specifically, before the

content is actually requested and answered through D2D communications, the BS collects
and updates the location information of the CPs and the CDs, and determines the transmit
power of CPs participating in D2D content sharing and the minimal achievable rate R, of

CDs. Then, the achievable rate Rpj,di of the D2D link between d; and p; can be obtained.
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Finally, the BS determines the value of cg: based on the following rules: If R, ; >R,
p, is within the range of D2D communications of d;, and c‘;ij =1. Otherwise p; is

without the range of D2D communications of d,, and Cf,‘J =

In this regard, we revise the collaborative caching model in [8] by adding the user prefer-
ence. Adding the user preference facilitates the interaction among the CPs, so that CPs can
cache more diversified contents and meet more content demands of CDs. As such, the ad-
vantage of our proposed collaborative caching model is to provide high cache gain and avoid
that some popular contents are cached too many times.

3.4 Problem Formulation

Guided by the proposed collaborative caching model, we firstly define the social-aware rate
as a metric, which characterizes the achievable contents download rate by the consideration
of the impacts of the social ties, the caching indicators and the user preferences, as shown in
Fig. 2. Then, when p; can establish the D2D link with d;, the social-aware rate of content

f, cached by p; for d; can be expressed as

SR(ka,pj ) = sdi,pj Rpj,di ka,pj Gdi,fk (ka,pj ) . (10)

Hence, the social-aware collaborative caching problem based on the social-aware rate can

be formulated as
K

max iiZSR(xfk'pj)

¥hepp =1 j=1 k=L
K

sty X, <C,,i=12L N (11)
k=1

Xi 5, €101}, VISk <K 1< j<N

K
Here, fok,pj Sij is the constraint of limited storage space of p;, where ij is the
k=1

maximal storage space of p;.

Note that, the above social-aware collaborative caching problem based on the user prefer-
ences is an integer programming problem to maximize the sum of social-aware rate of all
contents for all the CPs and all the CDs, subject to some constraints, e.g., the constraint of the
limited storage space. As shown in [12], it is typically NP-hard, which usually leads to com-
putational intractability. In practice, it is more available to search some algorithms to strike a
balance between the optimal solution and the implementation complexity [24].
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Social-aware rate

SR(x, » )

Achievable content

Social tie down rate User preference Caching indicator
Sdr-p,‘ Rp‘ 4, Gd:-fk (x.f?; -P; ) xft;-})j
User-oriented Current caching
content popularity situation
qdf:f.t gdﬂ'fk (xfk-P;)
Content popularity Social tie
qy, Sa,.d,

Fig. 2. The problem formulation.

4. Monotone Submodular Function over One Matroid Constraint

In this section, we show that the social-aware collaborative caching problem in (11) can be
computationally efficiently simplified to the maximization problem of a monotone submod-
ular function over a matroid constraint. In fact, for the submodular maximization problem over
matroid constraints, there exist a series of effective approximation algorithms with provable
approximation ratios, which has been found a wide range of applications in wireless networks,
especially D2D networks. Hence, the simplification can help to search some algorithms to
solve the proposed social-aware collaborative caching problem in (11).

To prove that the social-aware collaborative caching problem based on the user preferences
in (11) is the maximization problem of a monotone submodular function over a matroid con-
straint, we define a ground set:

S={s;L,s.L s.L,s"L,s' L sk}

(12)
={s,L 5L s}

Here, s/ denotes the indicator that content f, is cached in p;, and s, :{slj,L s),L s,’<}

denotes the set of the indicators of all the contents cached in p;.

According to the definitions of matroid and submodular function (refer to [12]), we have the
following theorems.

. .. K
Theorem 1. The constraint of the limited storage space of CPs Zkzlekypj <C,, canbe
formulated as a matroid on the ground set S defined in (12).
. .. K
Proof. In the constraint of the limited storage space of CPs Zkzlekypj <C,, . the so-
cial-aware collaborative caching set is expressed by X — S. We can notice that s) e X if
and only if X, p, =1. Hence the constraint can be expressed as
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T={XcS:[xIs]|<C,,j=12L N} (13)

Compared with the definition of matroid in [12], we can notice that the constraint of the
limited storage space of CPs forms a matroid M =(S,T).

Theorem 2. The object function Zzlz?ﬂszﬂSR(xfk,pj) is a monotone submodular
function.

Proof. We formulate the object function as f(X)=Zi“ilz?zlz::18R(xfkypj) , where
SR(xfk'pj) is related to the current caching situation.

Firstly, we prove the monotonicity. Let us consider two placement sets A and AUf{e},

where ee S\ A. As aresult, we have
M N K
f(A)ZZZZSR(XfK,Pj) (14)

i-1 j=1 k=1

f(AU{e}) = SR(Xy, ,, )+st Ry Xy pJ'Gél,fk' (X1,.5,)

SR(ka P )+Z o,y p] ka‘,pj'qdi,fk' [1_g'di’fk, (kavp, )}

Here, G(',A f‘(xfkypj) and g . f‘(xfk’pj) are related to the current caching situation. In other

(15)

M= 1M

Il
iN

M= 1M
M= DM

Il
LN
=~

Il

i 1

i

words, they are related to the caching situation of the placement set A. Because s, o >0,

R, 420, x . .20, q .20, and OSg'd“fk,(xfk'pj)sl, we can conclude that

Ogl—g'di’fk. (ij )sl and f(AU{e})> f(A). Namely, the object function is a monotone

function.
Secondly, we prove that the object function is a submodular function. We consider three
placementsets A, B and e, where Ac B and eeS\B. Based on (14), (15), we have

f(AU{el)-f(A) = st o p, X o G, fk[ —gldi,fk‘(ka,pj )J (16)

f(BU{ - f(B) st Py p] fk p; qd i [ -9 d;. fi, (kavpj )} (17)

Here, g'd_ f‘(xfk’pj) is the caching situation of content f, based on the placement set A,

and g"dv o (xfk,pj ) is the caching situation of content f, based on the placement set B. Due
to Ac B, itis obvious that g'di'fk‘ (xfk’pj )s g"di‘fk‘ (xfk’pj ) . As aresult, we can have

f(AU{e})- f(A)> f(BU{e})—- f(B) (18)

Compared with the definition of submodular function in [12], the object function is a
submodular function.

Hence, we can conclude that the proposed social-aware collaborative caching problem in
(11) is the maximization problem of a monotone submodular function subject to a matroid
constraint. Based on the simplification, we can design some algorithms with the different
provable approximation gaps and computational complexity.
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5. The Social-Aware Collaborative Caching Algorithms Based on Greedy
Algorithms

In this section, we firstly employ the aforementioned simplification to design a
low-complexity algorithm with a constant-factor approximation gap based the standard greedy
algorithm. Secondly, we design an algorithm with higher approximation ratio based the con-
tinuous greedy algorithm due to the relationship between the maximization problem of a
monotone submodular function over a matroid constraint and the maximization problem of a
monotone smooth submodular function over a matroid polytope constraint.

Algorithm 1 The Social-Aware Collaborative Caching Algorithm Based on Standard Greedy
Algorithm (SCCASG)

1: Initialization: Let X =, Q=0
2: Repeat:

3: Determine é=arg Jmax f(X U{e})
ees A Uee

set X « X U{é}

4:Until S\ XegT or S\X=0J
5: Output X

By leveraging the properties of submodularity and matroid constraint, we design the so-
cial-aware collaborative caching algorithm based on standard greedy algorithm, called as
SCCASG for simplify, and the detailed description is presented in Algorithm 1. It starts with
an empty set, and adds the new element which can obtain the highest marginal value to the set
at each step. Generally, when the highest marginal value is zero, the greedy algorithm termi-
nates. That is because the marginal value of submodular function of adding a new element to
the set will not increase as the set becomes larger. In Algorithm 1, once all the users are full to
the storage space, the algorithm stops because of the constraint of limited storage space.

According to [26], for the maximization problem of a monotone submodular function
subject to a matroid constraint, Algorithm 1 achieves a suboptimal solution with a factor 1/2
approximation guarantee. In addition, the final social-aware collaborative caching scheme can
be obtained through at most NK iterations. In the first iteration, we need compare the value
of NK situations, and the number of situations decrease progressively as the number of it-

erations increases. Hence, the complexity of Algorithm 1 is O(N?K? + NK) .

Algorithm 2 The Social-Aware Collaborative Caching Algorithm Based on Continuous
Greedy Algorithm (SCCACG)

1: Initialization: t=0, Let ¢= (0)=0

1
s
2: while t<1 do
3. Calculate Az, , (t), which is the estimate of E[f({sk"}UY(t))—f(Y(t))]ob-

tained by taking the average of ;—?[Hln(NK)] samples of Y (t), where Y (t)

contains each s, independently with probability y, , (t) ;

4:  Determine ( f,, pj)zargfeF e Az; (1)
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5. if (f,,p;) canbefoundand Az, , (t)=0 then
6 yfk,pJ (t-’-¢):yfk,pJ (t)+¢,
7: else
8 Vi (t+4) =Yy (1);
9: endif
10: t=t+¢
11: end while

12: Determine s! € X with probability y, , (1)

Moreover, the continuous greedy algorithm can be also used to solve the proposed problem
with higher approximation ratio. According to [27], for the problem max {f(X): X eT},

where f:2° >R is a monotone submodular function given by a value oracle, and
M =(S,T) isamatroid given by amembership oracle, acommon way of replacing a discrete
function by a continuous function is the multilinear extension F(y)=E[ f(X)], where the

new continuous problem is describe as max {F(y):yeP(M)}, and F:[01]" -R is a
monotone smooth submodular function. However, it is hard to evaluate F(y) accurately. We

can only approximate the value of F (y) by random sampling. Hence, the continuous greedy

process and the pipage rounding technique can be exploited to solve the original problem with
a provable approximation ratio. That is, we exploit the relationship between the problem

max {f(X):XeT} and max {F(y):yeP(M)} to design another algorithm with
higher approximation ratio based the continuous greedy algorithm, called as SCCACG for
simplify, and the sketch is shown in Algorithm 2. In this algorithm, we firstly adopt a con-
tinuous greedy process to approximate max {F(y): yeP(M )} Secondly, we leverage the

pipage rounding technique to convert a fractional solution to a discrete solution.
According to [12] and [27], for the maximization problem of a monotone submodular
function subject to a matroid constraint, Algorithm 2 achieves a suboptimal solution with a

(1—%) -approximation, and its complexity is O((NK)B) . In particular, the

(1—%) -approximation is optimal in polynomial time [27].

In summary, Algorithm 1 has lower complexity although its approximation ratio is lower,
and Algorithm 2 can achieve the optimal solution in polynomial time although its complexity
is higher.

6. Numerical Results
In this section, we provide the simulation results to verify the performance of the SCCASG
scheme and the SCCACG scheme we proposed. In the simulation, we establish the channel

model, i.e., the channel gain H; =(d”)_a h;, * where d;; is the distance between the CD

and the CP, a =3 is the path loss exponent, and h,; is the unitary power, Rayleigh fading
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channel coefficient [24]. Besides, for comparison, we give some caching schemes:

1) Scheme 1: there doesn’t exist collaborative caching among the CPs, and each content
provider selects the most popular contents based on Zipf distribution to cache [28]. Scheme 1
is introduced in order to reflect the advantages of collaborative caching.

2) Scheme 2: the collaborative caching is only achieved by exploiting the content popularity
and the current caching proportion of different contents [8]. Scheme 2 is exploited for showing
the difference between our collaborative caching schemes and other collaborative caching
scheme.

3) Scheme 3: this scheme is similar to our schemes, but the user-oriented content popularity
is replaced by the Zipf distribution. Scheme 3 is used to verify the advantages of user-oriented
content popularity in our schemes.

4) Scheme 4: this scheme is similar to our schemes, but the social ties are not introduced
into this scheme. Scheme 4 is used to prove the effect of social information.

25

Il SCCASG scheme

l:l Scheme 1

20 [

The download rate/bps

1 2 3 4
The content demander

Fig. 3. The comparison of download rate of all contents for each CD between SCCASG and Scheme
1.

Il SCCASG scheme
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)
a

The cache hit ratio
o
o o
[4)] N
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©
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1 2 3 4
The content demander

Fig. 4. The comparison of cache hit ratio for each CD between SCCASG and Scheme 1.
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25
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Fig. 5. The comparison of number of available contents for each CD between SCCASG and Scheme

1.
100 T T T
CD2 g cP7
80 r cb4 cP1
CP5
60 [
CP4,
40 - CP6
CP10

e 27 cD1
= % the content demander
> oFf O the content provider

-20

w0k CP2

-40 cPY

D3
-60 cP8
-80 . . . . P3,
-40 -20 0 20 40 60 80 100
x/m

Fig. 6. The location relationship between the CPs and the CDs.

In Fig. 3, Fig. 4 and Fig. 5, we show the comparison of the performance between the
SCCASG scheme and Scheme 1, when M =4,N =10,K =40. As shown in Fig. 3 and Fig. 4,
it is obvious that the download rate and the cache hit ratio for the CDs in the SCCASG scheme
are superior to these in Scheme 1. In addition, Fig. 5 reveals that these CDs in the SCCASG
scheme can obtain not only larger download rate and cache hit ratio, but also more kinds of
contents. That is because the user-oriented content popularity is exploited to characterize
properly the diversity of content demands of individual CDs and improve the availability of
preset contents in the SCCASG scheme. Besides, the SCCASG scheme makes the CPs cache
more different contents by exploiting the social-aware collaborative caching. As for CD, and

CD, , their download rate and cache hit ratio in the two schemes are low. Because there is only
two CPs within the range of D2D communications of CD, or CD,, as shown in Fig. 6. In
Fig. 6, we show the location relationships between the CPs and the CDs in the SCCASG
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scheme shown in Fig. 3, Fig. 4 and Fig. 5. The blue lines indicate the distance between the
CPs and the CDs is within the range of D2D communications.

55

T T
—O— SCCACG scheme
—&— SCCASG scheme
50 - —A— Scheme 1 A

—H&— Scheme 2 22
451 Scheme 3 //,,/;/_Jf/””’/” ]
Scheme 4 /A///

o
o

w
o

The social-aware rate
w
[}

8 9 10 11 12 13 14 15 16
The number of content providers

Fig. 7. The comparison of social-aware rate CPs can provide with different number of CPs.

Fig. 7 compares the social-aware rate CPs can provide in our schemes with that in Scheme
1, Scheme 2, Scheme 3 and Scheme 4 versus the number of CPs N , when M =4,K =40.

Clearly, for these schemes, higher social-aware rate can be obtained with larger number of
CPs, when other system parameters are fixed. Because more CPs can satisfy more content
demands with more storage space. Moreover, our schemes are greater than the other four
schemes with different number of CPs. Specifically, in Scheme 1, the CPs can only cache
those most popular contents, and cannot achieve the collaborative caching, which will lead to
that some contents are cached too many times and the performance is lower. In Scheme 2,
the collaborative caching is only achieved by exploiting the content popularity and the cur-
rent caching proportion of different contents, and it ignores the influence of social infor-
mation and diversity of content demands of CDs, which will lead to lower social-aware rate.
In Scheme 3, the user-oriented content popularity is replaced by the Zipf distribution so that
it is hard to meet different content demands of CDs, which will lead to worse performance.
In Scheme 4, the selfish nature of users is ignored, which will result that the social-aware
rate the CPs can provide decreases. Besides, the performance of Scheme 3 and Scheme 4 is
superior to that of Scheme 1 and Scheme 2, which verities the advantages of our collabora-
tive caching method. In particular, the SCCACG scheme is greater than the SCCASG
scheme, and the SCCACG scheme is an optimal solution in polynomial time.
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25 T T T
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The average social-aware rate
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6 8 10 12 14 16 18 20 22
The number of content demanders

Fig. 8. The comparison of average social-aware rate CPs can provide with different number of CDs.

In Fig. 8 and Fig. 9, we illustrate the effect of the number of CDs and the demand domi-
nance factor, when N =10,K =40. The performance is expressed as the average so-

cial-aware rate CPs can provide. The average social-aware rate is larger, which means that
the scheme can employ less CPs to provide the CDs larger social-aware rate. As shown in
these two figures, the performance of our schemes is greater than that of other four schemes
with different number of CDs and demand dominance factor, of which the performance of
the SCCACG scheme is greater than that of the SCCASG scheme. In addition, Fig. 8 shows
that for these schemes, greater performance can be obtained with smaller number of CDs,
when other system parameters are fixed. Because more content demands may not be satisfied
with more CDs. Fig. 9 reveals that the schemes with larger demand dominance factor can
obtain higher performance, when other system parameters are fixed. Because the content
popularity distribution is more skewed with larger demand dominance factor, which means
that the most content demands focus on these quite popular contents, and then these quite
popular contents are selected to be cached in CPs in these schemes, which can satisfy more
content demands of CDs. In other word, the limited storage space of CPs can satisfy more
content demands when the content demands distribution is more skewed. In summary, the
performance of our schemes is higher than that of other four schemes, with different system
parameters.
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Fig. 9. The comparison of average social-aware rate CPs can provide with different 1.

7. Conclusion

Inspired by D2D content sharing, we focuse on the social-aware collaborative caching based
on user preferences in D2D content sharing scenarios. We propose the social-aware rate,
which characterizes the achievable contents download rate affected by the social ties, the
caching indicators, and the user preferences. In particular, the user preferences are defined to
characterize the caching values of the contents for different CDs, which is composed of the
user-oriented content popularity and the current caching situation. Then, with the goal of
maximizing the sum of social-aware rate, we model the social-aware collaborative caching
problem based on the user preferences to make a trade-off between the redundancy of caching
contents and the cache hit ratio. Due to its intractability, it is simplified to the maximization
of a monotone submodular function over a matroid constraint. Then, the social-aware col-
laborative caching algorithms are designed by leveraging the standard and continuous greedy
algorithms respectively. We provide the simulation results to illustrate the performance of the
schemes we proposed. In our ongoing work, we will pursue different collaborative caching
schemes with higher performance.
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