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Abstract—Wireless caching at users’ devices in mobile social
network is considered to be a promising solution to alleviate
backhaul overload in future wireless networks. However, most of
the current works propose caching schemes based on heuristic
reasoning and intuition with poor performance or high complex-
ity which are impractical due to individual devices’ computing
capacity restriction. In this paper, we design a cooperative
caching scheme aimed at maximizing hit ratio, incorporating
probabilistic modeling of mobility and user interests patterns
from mobile social networks. Furthermore, we reformulate this
optimization problem into a submodular function maximization
and propose a semigradient-based cooperative caching scheme,
while this scheme’s efficiency is shown to significantly outperform
the greedy caching by 99.6%.

Keywords—Cooperative caching, submodular function, semi-
gradient, hit ratio, mobile social network(MSN).

I. INTRODUCTION

Along with dramatically increasing in mobile devices and
services [1], the current network structure (especially backhaul
network) cannot practically cope with the explosive data
volumn [2]. Despite the unremitting efforts to enhance the
network capacity in LTE and LTE-Advanced systems (such as
MIMO, CoMP), the utilization efficiency of radio spectrum is
notably reaching its theoretical cap [3]. In addition, the reason
for the explosive traffic is that a virtual part of mobile traffic
is occupied by duplicate downloads of a few popular contents
[4]. Therefore, caching those popular contents at network edge
[51(BSs and user devices) to reduce duplicate content transmis-
sion is considered as one of the most disruptive paradigms in
5G networks [6]. Especially, due to the development of mobile
devices (such as caching, communication and computing abil-
ity), caching at users’ devices where contents are cached and
shared locally has attracted more researchers’ and engineers’
attention.

Traditionally caching has been widely studied in wired
networks (which usually serves large areas equipped with great
caching and computing capacity), where algorithms such as
Most Popular Content (MPC) [2], Least Recently Used (LRU)
[2], and Least Frequently Used (LFU) [3] are adopted as
efficient content placement strategies. However, due to the
unique features of device caching, those caching polices are
not suitable for device caching: (i)Each individual device cache
is equipped with limited cache space so that performance im-
provement can be enhanced only through elaborate cooperation
among users. (ii)In reality, not all users share same interests
and heterogeneous interest pattern should be considered.

(iii)Due to users’ mobility and limited communication range,
those caches are accessed opportunistically so that mobili-
ty pattern play important roles on device caching police.
(iv)High efficiency caching algorithm should be a priority
for the sake of computing capacity restriction of individual
device.

There are inherent social characteristics that play important
roles in the interaction among mobile users. For example,
users with higher contact frequency may have similar interests,
which means that they have similar high-frequency access
contents. Therefore, designing an efficient cooperative caching
strategy, by exploiting the social characteristics, can improve
the performance dramatically. With the rapid development
of mobile social network (MSN), more and more works
investigate wireless caching taking specific consideration of the
social network patterns. In [7], the non-cooperative and coop-
erative strategies are compared. The non-cooperative scheme
only consider the user’s own interest when caching, and the
cooperative strategy takes into account both own interests and
the interests of other most likely encountered users, thanks
to the information of users’ interests and mobility patterns
provided by the social network modeling. It has been shown
that the cooperative strategy outperforms the non-cooperative
one so that great improvement will be achieved through ef-
fective cooperation. A hierarchical cooperative caching policy
is designed in [8], where with the social information on
friendship in MSN, friends’ interest are given higher priority
when designing the content placement scheme by dividing the
local cache space of a user into its own space and the space
for friends. In [9] the author proposed a novel cooperative
caching method based on the concept of close friend set in
social network to enable fair sharing of cached contents.

The aforementioned works shows promising improvement
of incorporating knowledge on social network patterns to the
design of D2D-assisted caching schemes. However, most of
the proposed methods are based on heuristic reasoning and
intuition which are equipped with poor performance or high
complexity. In this paper, we design a cooperative caching
scheme aimed at maximizing hit ratio via a probabilistic
mobility and user interest modeling. Furthermore, we show
that the optimization problem can be reformulated into a
submodular function maximization. A semigradient-based co-
operative caching algorithm for mobile social network are pro-
posed and it is shown via numerical studies that the proposed
algorithms can significantly outperform the existing schemes
while guaranteeing performance and maintaining much faster
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Fig. 1. Illustration of wireless systems considered in our framework, where
a single file server is serving multiple cache-enabled mobile users via a base
station. The users can share cached content via D2D links with their neighbors.

speed.

The rest of the paper is organized as follows: Section II
introduces the system model and the optimization framework
based on a generic probabilistic mobility and user interest mod-
el. Then we propose our subgradient-based content placement
algorithms in Section III. Section IV presents the modeling of
interaction between mobility and user interests. The simulation
result is given in section V. Section VI concludes the paper.

II. SYSTEM MODEL

We consider a wireless system consisting of a single base
station and M mobile users. The base station is connected to
a remote file server via wired/wireless backhaul. The users are
interested in accessing the files stored in the remote file server
through the base station. Each user device has a local cache of
fixed size and can cache part of the content library. We term
the set of cache as virtual cache space which is associated
with user number and each cache size. Meanwhile, if two
users are in proximity, D2D communication can be established
for file sharing. Ultimately, we are interested in smart content
placement schemes (which files to store in the caches of the
user devices) which can reduces the load of the base station
backhaul link. The system is depicted in Fig. 1.

Specifically, the M mobile users are denoted by the set
M ={1,2,3,--- , M}. On the file server, there are F files
F = {1,2,--- | F} of equal sizes. User m at any discrete
moment in time n request one file in F according to some
popularity distribution py, f € {Pm,1,Pm,2, - Pm,F}, Where
Dm,f denotes the probability of user m requesting file f.
The popularity distribution of M users are specified by the
popularity distribution matrix P s« with the element p, ;.
The users are moving around inside the system. We assume
a probabilistic mobility model by specifying the pair-wise
probability ¢p,,.m, as the probability of user m; meeting
user mo. Thus, the mobility pattern is fully specified by
the encounter probability matrix Qpsx s, With the element
Gm,,m,- Here the encounter of two users means that users
are close enough such that efficient D2D connection can be
established between the two users.

A caching scheme can be divided into two phases, namely,
the content placement phase and the content delivery phase.
For content delivery, at any moment n, user m requests a file

according to its popularity distribution. The file is accessed
from the local cache of the device if it is present. Otherwise,
it is accessed from the users in its proximity if it is present
in any of their local cache via D2D transmission. If the file is
not present in the local cache of the user or its neighbors, it
is transmitted by the remote file server via the base station.

Assume that the local cache size of each user is K, i.e
each user can cache at most K files. The content place-
ment scheme of user m is specified by the vector c,, =
[Cm,1s Cm,2y oo Cm )T, Where ¢, ¢ is defined as :

0,
Cm,f = 1

Due to the constraint on cache size, Z?Zl cm,; < K.
A content placement scheme is thus defined by the matrix
Crxm = [c1,+ -+, cpr]. Throughout of this paper, we consider
only static content placement schemes, where the cache is filled
with content at the beginning and is fixed.

if user m doesn’t cache content f,

ey

if user m caches content f.

Under a content placement scheme Cgy s, we define the
probability that user m can access file f from its local cache
or that of its encountered users as the hit ratio, denoted by
@, f. The hit ratio can be expressed as follows:

g =1 =] B )
%

where B, ; r denotes the probability that user m cannot access
content f from user ¢, and By, ; = 1 — ¢; tQm -

The hit ratio of user m can thus be written as:
F
Ay = Z Am, fPm, f - 3
f=1

For the system with M users and F' content files, given
the popularity matrix P, the mobility matrix QQ and the cache
size limit K, we formulate the problem of finding the optimal
content placement scheme C as the following optimization
problem, where the optimality is in the sense of maximizing
the average hit ratio A(C') with content placement scheme C
of the system:

M
1
imi A = — 4
maximize () MmZ:1 am, 4)
subject to Z Cm,f < K, Vm (®)]
7
Cm)‘f € {05 1}7 Vma f (6)

III. THE ALGORITHMS FOR CONTENT PLACEMENT

It is easily shown that the optimization problem as stated in
(4), (5) and (6) is NP-hard. In this section, we prove that this
utility function is submodular, thus efficient algorithms with
low complexity exist to solve the optimization approximately.
We reformulate the optimization problem in (4), (5) and (6)
as follows:

Define a ground set V = M x F, where (m,f) € V
represents the configuration that file f is placed in user m’s
local cache. Thus, ground set ) contains all possible file
placement configurations, and our goal is to find a subset of



V (a group of configurations) which maximize the average hit
ratio under the cache size constraint. Denote g : 2¥ — R as a
discrete set function on subsets of the ground set 1, which is
defined as follows:

H (1 - qm,m’) ’

(m/,flexnyf)
@)

where V) = {(m, f) : m € M} is defined for content file
[. Likewise for user m we define V,,,) = {(m, f) : f € F}.
The original optimization problem can now be shown to be
equivalent to the following problem:

max (&), ®)

1
g(X) = L= > Py
(m,f)ex

where C € 2V is a family of feasible sets which satisfies the
cache size constraint, i.e., VKL € C, [N V()| < K for all
m e M.

Definition 1 [4]: Defining g(j|S) = g(SUj) — g(S) as the
gain of j € V with respect to S C V, then g is submodular if
and only if g(j|S) > g(4§|T) foral SC T and j ¢ T.

Lemma 1: The discrete set function g(X') as shown in (7)
is a monotone non-decreasing submodular function.

Proof: Intuitively it is apparent that g(X’) is monotonically
non-decreasing since adding one more configuration to a
configuration group will only increase the chance of users
accessing the file through local caches. The formal proof is
as follows:

For X CV and (m, f) € V\ &, we have
g((m, U &) — g(X)
1
:M Z Pm/ fqm’ m H (1_Qm”,m)

m’eM (m'",flex
>0. €))

To prove that it is also a submodular function, we assume
that X7, X, CV, &A1 C A, and (m,f) ey \ Xo.
g((m, f)|X1) — g((m, f)|X2)

1
> <<1—qm,mz> (- I

m’'eM (m//,f)GXéf\Xif

(1 - Qm’,m“))

X H (1 — qm/’m///)>
(m’”,f)Gle
>0 (10)
Thus, g(X') is a submodular function. [ |

Traditionally, there are some algorithms proposed for sub-
modular maximization like [10], but its time complexity is
O(MF)® which is too computational and unacceptable for
larger M and F'. In [4], the author propose a greedy sub-
modular maximization algorithm with comparatively low com-
plexity whose iteration number is at least M F'. However, for
individual devices equipped with limited computing capacity
in dynamics MSN, those algorithms are obviously unsuitable.

As follows, we will introduce the concept the semidifferential
to assist the cooperative caching algorithm design.

Definition 2 [11]: The subdifferential J,(X') of a submod-
ular set function g : 2¥ — R for a set X C V, is defined
as:

9y(X) ={y e RM": (11)
9(X1) — y(&1) > g(&X) — y(X), for all X1 € C}

We denote a subgradient at X' by hy € 04(X). The
extreme point of J,(X) can be computed as follows:

Let o be a permutation of V' that assign the elements in
X to the first |X'| positions . Each such permutation defines a
chain with elements S§ = 0, S? = {o(1),0(2),...0(:)} and
S{| = & This chain defines an extreme point 1% with entries

h%(a(i)) = g(S7) — g9(S7_4) (12)
And
Wy (X)) = > h%(o(i) (13)
o(i)eX,

With the above subgradient h%, we can define a genetic
algorithm. In each iteration, the algorithm optimizes a modular
approximation formed via the current solution X. For maxi-
mization a lower bound

M (A1) = g(X) + ha (X1) — ha(X) < g(X1) (14
This bound is tight at the current solution ,satisfying
My (X) = g(&X) + ha(X) — ha(X) = g(X)  (15)

In most cases, optimizing the modular approximation is much
faster than the original cast function g(X;) like the greedy
algorithms in [4]. Algorithm 1 SCC shows our scheme for
submodular function maximization.

Algorithm 1 Semigradient-based Cooperative Caching(SCC)

Start with ¢ < 0, any X° € C
Repeat
(i) Pick a semigradient h%,, at X'*:
Set o as a permutation of V' that assign the element
Xt to be first |X| positions
S§ =0 and ¢g(S§) =0
Fori=1: |V
Sf- = {Sg—laa(i)}
W% (o (i)) = g(S7) — (57,

End
Wo(X) = % u(o(0)
o(i)eX

(i) X = argmaxxec my , (X)
= argmaxyec §(X") + h%: (X) — h%. (X7)
(iiyt «—t+1
Until We have converged(X*+! = X*)

Actually, SCC starting with different initial values (such
as most popular caching, emptyset and random caching) will
lead to solutions converged to different local optimal. Due to
the page limit, we don’t show the analysis detailedly and just
present the conclusion. Under all circumstance, SCC initialing



with most popular caching always perform best among three
initial values above. For example, under baseline simulation
parameters in Table I, SCC initializing with most popular
caching outperforms SCC with other initial values by 10.3%
and 10.6%. In addition, the impact of initial value on SCC
algorithms grows with larger virtual cache space, steeper re-
quest probability distribution and more heterogeneous interest.
Therefore, for simplicity, we just show the evaluation results
of SCC initializing with most popular caching in Section V.

IV. SOCIAL NETWORKS MODELING BASED ON INTEREST
VECTOR AND INTEREST SIMILARITY

So far, we have assumed generic probabilistic model for
users’ request patterns and mobility model. In this section, we
will model the interaction between request and mobility with
results from mobile social network researches.

It has been shown in [12] and [13] that in a social network,
people with more common interest have higher chance of
meeting each other. To model this effect in social networks,
we introduce the relative interest of user m towards file
f as spm s € [0,1]. Therefore, the interest vector of user
m, denoted as S, = [Sm,1,5m,2, ,8m.r) T, represents the
user’s relative interest to different files in the library. Naturally
we can also define the interest matrix of the system as
Srxm = [81,82, - ,sn]. To measure the similarity of two
users’ interests, we define the interest similarity of two interest
vectors as

F
1
dml,mg = F sz (1 - |Sm1,i — Smo,i )7 (16)
i=1
where, w; is the weight factor of interest ¢. For simplicity, we
treat all interests equally so that w; = 1 for all <.

A. Interest vector and file request probability

It has been shown in literature that the request pattern
of a user usually follows a Zipf-like distribution [13]. In my
paper, as in [13], given the interest vector of user m s,,, the
corresponding request probability is:
T
rank(m, f)*’

where « is the parameter that determine the shape of the Zipf
distribution, +y is a normalization factor, and rank(m, f) is the
order of file f by a descent sort of F according to the interest

5m7f-

Pm.,f = A7)

B. Interest similarity and contact probability

In order to investigate the model of interaction between
request and mobility, we analyze the Infocom06 dataset [14].
The Infocom(06 dataset contains the contact logs among 79
volunteers in a period 337417 seconds and questionnaire
answers regarding their languages, interest topics and other
aspects. For any question regarding a specific interest, a user
can make multiple choices. Similar to the method used in
measuring the “’social feature distance” in [15], if two users
have made common choices in one of their answers, we view
the similarity of this answer (interest) as 1; otherwise it is
0. Eventually, the sum of 10 fields are considered except
the name and email. In Fig. 2, the samples show that the

0.35 i i " T
@ Sample point from Infocom06 dataset
0.3 | mmmm Curve fitting

0.25¢

0.2r
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Average Contact Probability

0 0.2 0.4 0.6 0.8 1
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Fig. 2. The relationship between contact probability and interest similarity.
The total number of users M 200
The total number of contents F' 200
Cache size of each user K 5

The parameter of Zipf distribution alpha « 0.5
The link parameter {d1,d2} {4.84,1.55}

TABLE 1. BASELINE SIMULATION PARAMETERS

average contact probability gets larger as the interest similarity
increases. Through curve fitting of an exponential function in
the form of (18), we have d; = 4.839 and dy = 1.250, with a
0.994 goodness of fit.

dmq,my — €XP {dl (dml,mg - dQ)} 5 (18)

As can be seen, d; largely controls the sensitivity of interest
similarity to the contact probability, and ds control the overall
level of contact probability in a mobile social network. We
term d; and dy as the link parameters.

V. EVALUATION

In this section, we investigate the performance of our
proposed SCC and the other three existing algorithms. For all
schemes, D2D link is used whenever possible (when two users
are in contact) to facilitate cooperative caching. According
to Section IV, we generate a hybrid setup where § € [0, 1]
portion of the users (with some rounding when necessary)
share the same interest vector and the other 1 — /3 portion of
the users have independent randomly generated interest vector.
In all simulations, we set baseline simulation parameters as in
Table I. Then we vary one parameter while keeping the other
parameters fixed. As follows, we first investigate the impact of
virtual cache space, request probability distribution and interest
similarity on system performance. Then we compare SCC with
greedy caching to reveal the efficiency of algorithms.

A. Comparison

We first present as a benchmark some widely used content
placement scheme, namely, the random caching, the most
popular caching, and the greedy caching schemes.

o  Random Caching: Each user randomly caches K
content files.

e  Most Popular Caching: Each user caches the top
K ranked content files according to their individual
request probability.
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e  Greedy Caching: Similar to the algorithm proposed
in [4], the greedy caching starts with an empty set;
at each step, it adds one element with the highest
marginal value to the set until cache is full.

B. Evaluation result

1) The impact of virtual cache space: Virtual cache space
is the set of individual cache which is associated with user
number and individual cache size. Fig. 3 depicts the simulation
results of hit ratio as the virtual cache space changes. As
user number or cache size increases, more content copies can
be cached and shared among users locally so that hit ratio
grows. Our proposed SCC always have same performance with
greedy scheme as virtual space varies. Besides, due to the
cooperation among distributed caches, it is evident that our
proposed SCC and greedy scheme perform significantly better
than the random and most popular one for all user number
and cache size. For user number of 160, our proposed SCC
perform about 79.7% better than random caching and 48.0%
better than most popular caching. In addition, random caching
outperforms most popular caching when virtual cache space is
large. This is due to the fact that the most popular scheme is
selfish in nature, while other schemes take into consideration
other users’ need during content placement (passively so in
certain sense for random caching scheme as being non-selfish).

Nowadays, with rapid development of mobile device and
mobile users [3], larger virtual space will be provided to
support caching at users’ devices. Therefore, with the analysis
above, we can conclude that caching at users’ devices with
SCC in MSN can efficiently cope with increasing users number
and ensure hit ratio.
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Fig. 4. Average hit ratio as the request probability distribution changes, for
B =0.5.
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Fig. 5. Average hit ratio of as the interest similarity changes.

2) The impact of request probability distribution: Fig. 4
shows the evolution of different caching methods with different
Zipf parameter . From the equation (17), it shows that larger
Zipf distribution parameter means steeper request probability
distribution where majority of requests probably concentrate
on the limited number of high rank popular contents. Similar
with the analysis before, SCC achieve same hit ratio with
greedy caching scheme. As the Zipf parameter « increases, the
performance of all caching schemes improves except random
caching. This is due to the fact that for random caching, each
content is treated equally and has the same probability cached.
For larger «, although more requests will focus on those
high rank contents, more contents become less popular and
there exists greater probability of caching those comparatively
unpopular contents.

In reality, the dynamic of network load is mainly caused
by the limited number of popular contents [16] (such as break
event news or popular movies). In such situation, there is steep
content request probability distribution and large « of Zipf
distribution. Therefore, with the analysis above, caching at
users’ devices in MSN can be viewed as a promising way
to handle network load dynamics.

3) The impact of interest similarity: Fig.5 shows the hit
ratio when [ changes. Larger 5 means more similar interest
which means that users have larger probability of contacting
and sharing with others. As 3 increases, the performance of all
schemes improves except most popular caching. Because, for
most popular caching where user caches contents according to
their own interest, all users cache same contents and there is
less chance of sharing. Besides, when users are equipped with
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Fig. 6. The comparison of the converging speed between SCC and greedy
caching schemes under baseline simulation parameters.

completely heterogeneous interest (6 = 0), greedy, SCC and
most popular caching have similar performance.

From the studies in [12], users with similar interest have
large probability of gathering where congestion usually occurs
with current network structure. Therefore, through the simula-
tion results of hit ratio as 5 changes, we can consider caching
at users’ devices as an effective way to solve network conges-
tion and our proposed SCC can guarantee the performance.

4) The comparison between SCC and Greedy caching:
From Fig.3~5, it’s interesting to find that our proposed SCC
caching scheme achieve same hit ratio with greedy one, no
matter how virtual cache space/request probability distribu-
tion/interest similarity changes. However, SCC is considerably
faster in convergence than the existing greedy algorithm, as
can be seen from Fig. 6. Under baseline simulation parameter,
SCC converge in 4 iterations while the greedy one converges in
1000 under baseline parameters. Although SCC achieve similar
hit ratio with greedy caching scheme, the former’s efficiency
outperform the latter’s by 99.6% in iteration process.

Currently, each individual device is equipped with limited
computing capacity so that those high complexity caching
schemes aren’t suit for caching at users’ devices especially
in dynamic MSN. Our proposed caching scheme, SCC, is
equipped with low complexity and high efficiency which can
be executed at terminals for dynamic MSN, while guaranteeing
hit ratio and maintaining much faster speed. Therefore, our
proposed SCC scheme is an appropriate choice of cooperative
caching at users’ devices in MSN.

VI. CONCLUSION

In this paper, we design a cooperative caching scheme
aimed at maximizing hit ratio, incorporating probabilistic
modeling of user mobility and heterogeneous interests patterns
from mobile social networks. The optimization problem is
reformulated into a submodular function maximization and
subgradient-based cooperative caching scheme with initial
value of most popular caching (SCC) is proposed as solu-
tion. Through numerical investigations, it’s demonstrated that
caching at users’ devices in MSN can effectively cope with
the increasing user number, dynamic workload and network
congestion. Furthermore, compared with the greedy caching
scheme, SCC’s efficiency outperforms the greedy one by
99.6% while guaranteeing performance and maintaining a

much faster speed. Therefore, our proposed caching algorithm
is an appropriate choice of caching at users’ devices, espe-
cially for dynamic mobile social network and those individual
devices with limited computing capacity.
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