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Abstract— Software-defined networking and in-network
caching are promising technologies in the next generation
wireless networks. In this paper, we propose enhancing the
quality of experience (QoE)-aware wireless edge caching
with bandwidth provisioning in software-defined wireless
networks (SDWNs). Specifically, we design a novel mechanism to
jointly provide proactive caching, bandwidth provisioning, and
adaptive video streaming. The caches are requested to retrieve
data in advance dynamically according to the behaviors of users,
the current traffic, and the resource status. Then, we formulate
a novel optimization problem regarding the QoE-aware
bandwidth provisioning in SDWNs with jointly considering
in-network caching strategy. The caching problem is decoupled
from the bandwidth provisioning problem by deploying
the dual-decomposition method. Additionally, we relax the
binary variables to real numbers so that those two problems
are formulated as a linear problem and a convex problem,
respectively, which can be solved efficiently. Simulation results
are presented to show that the latency is decreased and the
utilization of caches is improved in the proposed scheme.

Index Terms—Software defined wireless networks, wireless
edge caching, bandwidth provisioning, quality of experience,
dual-decomposition.

I. INTRODUCTION

CCORDING to [1], global mobile data traffic will

increase nearly sevenfold from 2016 to 2021 and 55 per-
cent of them will be video. Moreover, another prominent
feature of next generation wireless networks would be the full
support of software-defined networking (SDN) [2] design in
wireless networks [3]. These trends enforce the optimization
of wireless networks to jointly consider the improvement
of quality of experience (QoE) for video services and the
integration of SDN. New networking technologies in wireless
networks, such as Heterogeneous Networks (HetNets) [4], [5],
software-defined wireless networks (SDWNSs) [6] and wireless
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edge caching (WEC) [7], [8] that are arising to solve these
changes, have been proposed and studied recently.

Generally speaking, SDWNs can enable the reduction of
complexity and cost of networks, equip programmability into
wireless networks, accelerate evolution of networks, and even
further catalyze fundamental changes in the mobile ecosys-
tem [3]. The success of the SDWN will depend critically on
our ability to jointly provision the backhaul and radio access
networks (RANSs) [9].

WEC, as an extension of in-network caching that can
efficiently reduce the duplicate content transmission [10], has
shown that access delays, traffic loads, and network costs
can be potentially reduced by caching contents in wireless
networks [11]. To successfully combine caching and wireless
networks, significant works (e.g., [12], [13]) have been done
concerning utilizing and placing contents in the caches of base
stations (BSs).

As the QoE of streaming video services mainly
includes video resolutions, buffering delays and stalling
events [14], [15], the SDWN (e.g., provision QoS [16]) and
wireless edge caching (e.g., reduce delay [17]) appear as
promising candidates to enhance QoE. However, to the best of
our knowledge, QoE-aware joint optimization of the network
and cache resources in SDWNs has been largely ignored
in the existing research. Unfortunately, the combination of
those issues are not straightforward, as several challenges are
induced by this joint optimization observed as follows. First,
bandwidth provisioning in SDWNs should be content-aware,
which means it should assign network resources to users
based on the caching status and the improvement of the QoE.
Second, to enhance the hitting ratio of caches (utilization),
caching strategies should be proactive according to the current
traffic and resource status, behaviors of users, as well as
the requirements of the QoE. Third, since video SDN flows
from service providers usually have minimum requirements,
the overall QoE performance of the network needs to be
guaranteed.

Thus, to address those issues, in this paper, we propose to
jointly optimize QoE of video streaming, bandwidth provision-
ing and caching strategies in SDWNs with limited network
resources and QoE requirements. The distinctive technical
features of this paper are listed as follows:

o To decrease the content delivery latency and improve the

utilization of the network resources and caches, we design
a novel mechanism to jointly provide proactive caching,
bandwidth provisioning and adaptive video streaming.
BSs are requested to retrieve data in advance dynamically
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according to the behaviors of users, the current traffic and
the resource status.

e To cope with the limited resources and the quality of
service requirements, we formulate a novel optimization
problem  regarding the QoE-aware bandwidth
provisioning in SDWNs with jointly considering
in-network caching strategy.

e The caching problem is decoupled from the band-
width provisioning problem by deploying the dual-
decomposition method. Additionally, we relax the binary
variables to real numbers so that those two problems are
formulated as a linear problem and a convex problem,
respectively, which can be solved efficiently.

o Algorithms are proposed to achieve the sub-optimum
solution by solving the relaxed problem and utilizing
a rounding up method to recover relaxed variables to
binary.

The rest of this paper is organized as follows. Section III
introduces the system model and formulate the proposed
problem. Section IV presents two proposed algorithms and
the corresponding analysis. Simulation results are discussed
in Section V. Finally, we conclude this study in Section VI.

II. RELATED WORKS

Bandwidth provisioning (flow control) of SDWNs is studied
in [16] and [18] through traffic engineering. The authors
of [18] propose a multi-path traffic engineering formulation
for downlink transmission considering both backhaul and radio
access constraints. Moreover, the link buffer status is used as
feedback to assist the adjustment of flow allocation. Based
on [18], the authors of [16] extend flow control of SDWNs
to real-time video traffic specifically. This research proposes
an online method to estimate the effective rate of video
flows dynamically. Min flow rate maximization of SDWNs
is investigated in [9] with jointly considering flow control
and physical layer interference management problem using
weighted-minimum mean square error algorithm.

In the line of caching at mobile networks, the authors
of [19] formulate a delay minimization problem by optimally
caching contents at the SBS. This research firstly clusters
users with similar content and then deploys a reinforce-
ment learning algorithm to optimize its caching strategy
accordingly. Reference [20] proposes a scheme that BSs
opportunistically employ cooperative multiple-input multiple-
output (Coop-MIMO) transmission by caching a portion of
files so that MIMO cooperation gain can be achieved without
payload backhaul, while [13] and [21] propose to utilize
caching for releasing part of fronthaul in C-RAN. Unfortu-
nately, the research does not take the real-time mobile network
and traffic status into account. In [22], the proposed cache
allocation policy considers both the backhaul consumption of
small BSs (SBSs) and local storage constraints. The authors
of [23] introduce in-network caching into SDWNs to reduce
the latency of backhaul, but cache strategies are ignored in
this study. Reference [24] introduces dynamic caching into BS
selection from the aspect of energy saving. In [25], dynamic
caching is proposed to consider the mobility of users, but it
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focuses more on the cache resource and relationship between
nodes. Network resources, such as the backhaul capacity and
spectrum, are not discussed in this research.

Video quality adaptation with radio resource allocation in
mobile networks (especially, long term evolution (LTE)) is
studied in a number of studies. The authors of [26] provide
a comprehensive survey on quality of experience of HTTP
adaptive streaming. Joint optimization of video streaming and
in-network caching in HetNets can be traced back to [17].
This research suggests that SBSs form a wireless distributed
caching network that can efficiently transmit video files to
users. Meanwhile, Ahlehagh and Dey [27] take the backhaul
and the radio resource into account to realize video-aware
caching strategies in RANs for the assurance of maximizing
the number of concurrent video sessions. The authors of [28]
move the attention of in-network video caching to the core net-
works, instead of RANs, of LTE. To utilize new technologies
in next generation networks, [29] studies the quality of video in
next generation networks. Reference [14] conducts a compre-
hensive research that investigates opportunities and challenges
of combining the advantages of adaptive bit rate and RAN
caching to increase the video capacity and QoE of wireless
networks. Another research combining the caching and video
service is [30], where collaborative caching is studied with
jointly considering scalable video coding. However, RAN and
overall video quality requirements are not considered.

III. SYSTEM MODEL AND PROBLEM FORMULATION

In this section, we present the system model of the HetNet,
dynamic caching, service QoE and related assumptions. The
notations that will be used in the rest of this paper are
summarized in Table I.

A. Network Model

1) Wireless Communication Model: In this paper, we con-
sider the downlink transmission case in a software-defined
HetNet comprised of a set J of cache-enabled BSs, such
as macro BSs (MBSs) and small BSs (SBSs). The area
covered by SBSs is overlapped with where covered by MBSs.
A central SDN controller is deployed to control the network
including caching strategies and bandwidth provisioning. BSs
connect to the CN through wired backhaul links with fixed
capacities (e.g., bps). A content server is physically located
at a core router (content delivery networks) in the CN or the
source server. Moreover, as shown in Fig. 1, some BSs (e.g.,
SBSs) connect to the CN through MBSs. Without loss of
generality, each BSs may have multiple links to be connected
in the network (e.g., SBS 3 in Fig. 1). We use link indicator
ajj to denote the link status between BS / and BS j. a;; =1
means BS [ is the next hop of BS j with a fixed link capacity
Rl’;?“x (bps); otherwise a;; = 0. Since it is the downlink case,
ajj = 1 implies a;; = 0. Specially, we use j = 0 to indicate
the CN. Let rl§ € RT denote the provisioning bandwidth of
BS j for its next hop BS [/ through wired backhaul links.
f in the superscript is used to denote forwarding. Following
constraints (backhaul limitation) need to hold

r/; <RI, Vj, ley. (1)
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TABLE I
NOTATIONS
Notation | definition
J the set of mobile BS nodes (e.g., MBSs, SBSs)
J=|T| number of BSs
7.l BS, j = 0 means content cloud library
a; € {0,1} link status between BS j and BS [

backhaul link capacity between BS j and BS [
the set of users

the predicted (potential) set of users served by BS j
wireless user

large scale channel gain between ¢ and BS j
noise power spectrum density

normalized transmission power of BS j

assigned spectrum bandwidth of user % from j
total spectrum bandwidth of j

received SINR of user 4 served by BS j

spectrum efficiency of user u served by BS j

the total number of contents

the storage capacity of BS j

hitting event indicator between user 7 and BS j
dynamic caching indicator

relaxed dynamic caching indicator

evaluation time (scheduling cycle time)

predicted probability of user i served by BS j
number of total video resolution levels

video resolution level indicator

the MV-MOS of the resolution ¢

required transmission data rate of the resolution g
resolution indicator of user ¢

relaxed resolution indicator of user ¢

the average backhaul transmission delay of BS j
minimum buffer length to play video

current buffer length of resolution g at user u

the MV-MOS requirements from service providers
objectives, utilities

consistence

ri; (bps) required data transmission rate of caching
rlf; (bps) provisioned bandwidth for backhaul links
rfj (bps) provisioned bandwidth for air interfaces
A, iy V dual variables
G, L;j dual functions
Q5 caching margin gain
N number of cachable contents
R Ry
o, L
g %
X X
3
Cache >4
5
BS1 BS2 BS3 BS 4
User 1 User 2 User 3 User 4
Fig. 1. Network architecture of the cache-enabled SDWN.

Let I; denote the set of users served by BS j and
each user i requests a video flow with certain data rate
requirements. The set I := I U ... U I; of users means
the total users set. To enforce single association, we let
I N I; = & and any user is served by the BS that provides

the best spectrum efficiency (SE). Association schemes are
well-studied in heterogeneous wireless networks [31], [32].
In this paper, to simplify our analysis, we do not consider
any advanced interference management and power allocation
schemes. We assume that the spectrum used by different users
within one BS is orthogonal, which means there is no intra-
cell interference between users associated with the same BS.
This is similar to a system of frequency-division multiple
access, such as LTE. The spectrum reuse factor for all cells is
one (overlaid), which means inter-cell downlink interference is
considered. A fixed equal power allocation mechanism is used,
where the normalized transmit power on BS j is p; Watts/Hz
regardless of positions and allocated spectral of users.

If i € I;, the signal-to-interference plus noise ratio (SINR)
yij can be determined by

oo + 21,175]‘ 8il Pl

Vij = )
where g;; is the channel gain between user i and BS j includ-
ing large-scale pathloss and shadowing, o is the power spec-
trum density of additive white Gaussian noise and le 1 8il Pl
is the aggregated received interference. As the small-scale
fading varies much faster than caching and bandwidth provi-
sioning, small-scale fading is not considered when evaluating
the SINR. Therefore, the SINR calculated by (2) can be
considered as an average SINR. Moreover, in this paper, as we
mainly consider the benefits from dynamic caching and flow-
level scheduling, radio resource allocation is not considered,
which leads to the formulation where small-cale fading is
ignored. However, small-scale fading can have effects on the
SINR if the caching process is comparably fast. Thus, if small-
cale fading is considered, the network link capacity (e.g., y;;)
can be modeled as random variables, which leads a stochastic
optimization problem. The scheme in [33] can provide a
suitable solution to this problem.

Accordingly, by using Shannon bound to get SE I';; =
log (1 + yij), the provisioning (achievable) radio access data
rate rl.“j € R™ for user i with BS j can be calculated as:

ri; = wij log (1+ i) 3)

where w;; (Hz) is available spectrum bandwidth of BS j
allocated to user i. a in the superscript is used to denote
air interface. Since the spectrum bandwidth of each BS j is
limited by W;, the following constraints have to hold

a

Z%EW]',

. K 125
L€

VjelJ. “)

2) Proactive Wireless Edge Caching Model: To improve
the caching performance, BSs can proactive cache contents
that may be requested users. The probability that a cached
content in BS j will be used by user i is assumed to be z;;.
In practice, z;; depends on the user mobility pattern [34]
(current location, moving velocity and direction, and unpre-
dictable factors) and the popularity of the content [25]. The
research about the behaviors of users has attracted great
interests from both academia and industry [35]. Necessary
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information for processing prediction can come from real-
time data (e.g., UEs and RANSs) and historical data (e.g., users
database). Fortunately, the improvement of machine learning
and big data technologies can help the management and the
control of mobile networks [36], [37]. By using those advanced
techniques, the network is able to have a deeper view of the
traffic and the coverage from the huge volume of historical
data, which may help the network to enhance the accuracy of
the prediction. It should be noted that the calculation of this
probability is beyond the research of this paper and we assume
that z;; is known in advanced by the SDWN controller (before
each scheduling circle starts). To evaluate the effect of z;;,
we test our performance with two different z;; setups in the
simulation. Let us use I7 to denote the potential set of users
that may be probably served by BS j, which can be formally
defined as Ij’.f ={ilmj #0,i € I}.

In this proposed scheme, we assume the total number of
content is C stored at the content server (cloud centers or the
Internet source) and each content has the normalized size
of 1. This assumption is reasonable because we can slice
the video content into chunks with the same length. Our
BSs are assumed to be cache-enabled, so there is a physical
cache at each BS j with capacity C;. As any BS only has
limited storage capability, C; is much smaller than cloud
center (C; <« C, V) and the cache placement decision is made
by the SDN controller. We assume that the SDN controller
knows all the information about content retrieving requests
from users and cache placement status of all BSs. Let us use
a binary parameter /;; to denote a hitting event between user i
and BS j. h;; = 1 means the content requested by user i can be
found at BS j and h;; = 0 means opposite. According to the
control signaling by the SDN controller, contents are pulled
actively by BSs through wired backhaul links, an example
shown in Section IV-E.

Denote c;; € {0, 1} to be the binary decision variable used to
control whether the content i (potentially requested by user i)
is going to be placed at BS j or not. The bandwidth required
to cache the content requested by i is pre-defined as r; (bps)
that is fixed. Hence, the provisioned bandwidth for caching in
BS j is > ;cx cijrf. Note duplicated caching is avoided as
the SDN controller knows the cached contents of every BS.
In other words, if the content has been cached in BS j, it is
unnecessary to cache again, namely ¢;; = 0 if h;; = 1. Since
each BS j has limited cache space, constraints should hold to
ensure caching strategy is limited in the empty space of the
cache of each access BS j.

> ej<Cj, Vjey. (5)

i€y
3) Video QoE Model: In this paper, to specify the network
performance for video services, we use a novel video expe-
rience evaluation method called mobile video mean-opinion-
score (MV-MOS) proposed in [38] to model the network
utility. MV-MOS is a more advanced measurement of the
video quality based on the well-known video mean opinion
score (VMOS), and it can adapt to the evolution of video
resolutions. We assume the g¢-th resolution of any video
requires a data rate v, (bps) and gains a MV-MOS s, (from
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1 to 6). For example, [38] points out that 4k video average
requires 25Mbps data rate and can be quantified to a MV-
MOS 4.9 out of 5. Practically, v, depends on video coding
schemes and the video content, which are varying with time.
Nevertheless, since the purpose of our paper is to maximize the
wireless network performance dynamically instead of video
services, we assume the required data rate is a fixed value v,
over research time for all streams.

We define x;, as the resolution indicator of user i and Q is
the highest resolution level. Specifically, if the g-th resolution
of the video is selected by user i, x;; = 1; otherwise, x;; = 0.
Thus, for any user i, the experienced MV-MOS is > ¢ %igSq
and the required data rate is Zq Xiq0g. Since users only can
select one level of resolution at the same time, following
constraints should hold:

0
inqzl, Viel (6)
g=1

Moreover, to guarantee the video service QoE of the overall
network, we should guarantee the overall average MV-MOS
higher an acceptable value Sy, namely,

0
% Z quxiq > So. 7N

iel g=1

Usually, the Sp is provided by service providers or network
operators to control the overall performance of a certain
area.

In [14] and [15], the authors point out that the stalling (video
interruption) degrades users experience more severe even
compared to initial latency because it disrupts the smoothness
of streaming videos. It happens when the buffer b;, (bits) is
exhausted, lower than a threshold by. In order to avoid this
“annoy” factor, in this paper, we request the wireless network
to maintain the buffer higher than a threshold b (bits) at
user devices buffer, so that the user can get smooth streaming
video experience. This proactive buffer management that sends
feedback the buffer status of users to the network has been
proposed in the existing studies [16], [39], [40]. To maintain
bo of video, for any user i, it should follow constraints

Qo Qo
0D i+ xighig — 0 xigug = bo, Vi€l (8)
jes q=1 g=1

where 0 is a predefined time window unit in second. Every
o0 seconds, the system adaptively selects the resolution of the
demanded video based on buffer status b;; and available data
rate > jey rl‘j (8) means that the amount of downloaded data
and butfered data must support to playback average J (s) and
maintain at least by buffer.

B. Problem Formulation

In this subsection, an optimization problem maximizing
the gains from wireless edge caching constrained by physical
resource and service QoE is proposed.

The purpose of this study is to improve the overall wireless
edge caching performance by considering caching strategies,
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network status and QoE provisioning, so it has to choose an
appropriate network utility function U. Firstly, the caching
utilization should be represented by different metrics (e.g.,
alleviated backhaul, delay reduction, and reduced network
costs). Secondly, as this study is QoE-aware where the delay is
one of the most important metrics, we chose delay reduction’
d; (seconds) as the gain of caching at the wireless edge [17].
Thus, shown as following, we define a logarithm-based objec-
tive function as the utility function, which is equivalent to the
proportional fairness scheme in a long term view [41]:

U(c):Zlog Zn’l‘jljlijcijdj—i-l ©)]

jes ieI;'

where }_z,-j =1—h;; and 1 > 1 is consistences to guarantee
U(c) does not fall into negative infinity.> The product of Eij
and ¢;; enforces ¢;; to be different from h;; if h;; = 1, which
is equivalent to the case that duplicated caching is avoided.
The probability 7z;; can be interpreted as a weighted factor
that represents the success of caching. Therefore, mjﬁ,-jd i
can be considered as the expected reduced backhaul latency,
if ¢;j = 1. To lighten the notations, we let H;; = m;jh;;d;.
We select a logarithm-based objective function due to follow-
ing features that are perceived [41]:

o Component-wise monotonic increase brings that larger
caching gain yields larger utility;

o Convexity can guarantee the convergence and efficiency
of the algorithm;

o Fairness-awareness gives a desired balance between the
overall network and the single user.

To utilize the physical resource efficiently, the total pro-
visioned bandwidth of flows going out BS j should be less
than the total bandwidth of flows coming into the correspond-
ing BS. Otherwise, allocated spectrum or backhaul links will
be left unused. The flow conservation constraint for BS j can
be written as

forwarding radio caching

—_— Y ——

S 7o.a ¢ f :
a2 i+ Y eri < 3 ajirg, Vi€
ley i€l; e U0

—
in flows

el
€]}

out flows

(10)

The first term of left (10) is all reserved bandwidth for flows
forwarded to next hop BSs. The second term is the summation
of all provisioned bandwidth for bearing users’ radio access
flows. Obviously, if ﬁij = ( that means we can find existing
data (cached in previously caching circles) on BS j for user i
so that the backhaul consumption is avoided. The third term
is all caching flows. Obviously, the provisioned (reserved)
bandwidth of these three kinds of flows cannot be larger than
the reserved backhaul bandwidth for this BSs. If /;; = 0,
it is reserved for two kinds of flows (caching and forwarding).

'We use the average backhaul downlink latency as the measurement value.
2When either I7 = & or wijhij =0,Vi € I}’, the objective function may
result in an infeasible problem.
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The right term of (10) can be as a dynamic backhaul link
capacity of BS j.

Thus, given the objective function, and constraints, we can
define the joint flow bandwidth provisioning and wireless edge
cache placement problem PO as follows:

P0: max U (11a)
rd rf eR+
¢, xe{0,1}

s.t. (1), (4), (5), (6), (7), (8), (10)  (11b)

Unfortunately, problem (11), however, is difficult to be solved
and implemented based on the following observations:

o The mix integer variables result in the problem a mix-
integer non-linear problem (MINLP) that generally is
NP-hard and intractable in scheduling [42];

o The complexity of solving (11) by using greedy or genetic
methods will increase significantly with the increase of
the number of users and (or) BSs. In future cellular
networks, the density and number of small cells will rise
significantly so that the size of variables will become very
large;

o Cache indicators and flows bandwidth are decided by
different layers and perform in different time scales.

IV. JOINT BANDWIDTH PROVISIONING AND WIRELESS
EDGE CACHING WITH QOE

In this section, an algorithm is proposed to solve the
problem PO in (11). As those integer variables block us to
find a traceable algorithm, we firstly relax binary variables
c¢ij and x;4 to real numbers variables ¢;; and x;; bounded by
[0, 1] so that the domain of variables is a convex set. This
relaxation is a common way to deal with binary variables
in wireless networks [30], [32], [41], [43]. From a long
term view, we can interpret this kind of relaxations as a
partial allocation or average time sharing portion. For example,
a partial caching indicator ¢;; or resolution X;; means the
portion of time when BS j indicate cache to user i or when
users i selects the resolution level ¢, respectively. Moreover,
by solving the relaxing binary variables, the upper bound of
the proposed can be achieved. We evaluate the gap between
this upper bound and the final solution in our simulation.

After relaxing binary variables, it is clear that the feasible
set of the revised problem (11) is a convex set because all con-
straints are linear constraints and variables domain is a convex
set. Since the log-based objective function is a strict concave
function regarding to ¢;;, the problem (11) is transfered to
a convex problem PO that can be solved effectively without
effort by using general solvers. In the remaining subsections,
we will present an algorithm based on dual-decomposition to
solve the relaxed problem PO and recover relaxed variables
back to binaries.

A. Proposed Caching Decoupling via Dual Decomposition

This study aims to adaptively replace content in caches of
BSs while optimize the bandwidth provisioning and the video
resolution selection. Observed from the problem P0, we can
consider that we use the spare backhaul bandwidth to cache
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content to BSs before users actually served (or potentially
continued being served) with those BSs (or actually request
the content) and select a best video resolution for each user
based on allocated achievable data rate. Moreover, caches and
bandwidth are actually belonging to different layers of the
network. Usually, flow bandwidth is restricted by physical
resources (provisioned by media access control layer), and
xiq depends on the achievable data rate. Joint optimizations
of video rate and flow bandwidth are studied in cross-layer
design schemes [44]. Differently, in-network cache is placed at
the network layer or even higher layer. In addition, scheduling
of the caching can be acting in a longer time period compared
to flow scheduling. Fortunately, constraints coupling cache and
bandwidth are only (10).

Thus, those features of PO motivate us to adopt dual-
decomposition method so that the caching problem can be
separated from the bandwidth provisioning and the resolution
selection. We form the partial Lagrangian function for the
problem PO by introducing the dual variables (backhaul prices)
{4} for constraints (10). Then, the partial Lagrangian function
can be shown as:

G(A) = Zlog Z H;jcij +1 —Zij Zgijric

j€s iel}f jes ieI}’

—z/lj Zaljrlj;_’_zﬁl‘jr?j_ z aﬂrjfl (12)
jeg leg i€l; leJu0
The dual problem (DP) is thus:
DP: min G(1) = fe(2) + frx(2) (13)
AeRT
where
ZIOg Z H;jcij +1
jes iel?
fe(A) = arg max J » (14)
‘ cel0,1] =0 D Ert,
jes  iert
s.t. ()
and
> D Aagr
leguo jeg
fr.x(4) = arg max -
ot wrrent | DL 2 Zal,-rf; + > hiyrii ]
xel0.1] jes ley i€l;
s.t. (1), (4), (6), (7), (8)
(15)

Let us introduce a parameter z, called extra bandwidth for
each BS j shown as:

f ~ f 7
= 2 iy = 2 Gyrf = D @y = D hir.

legU0 iery ley i€l;

(16)
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According to dual decomposition [45], a subgradient of G(4)

is z=1[z1,...,2;]7, we thus can update A based on:
AV = gk IRk, (17)
where aﬂk] is the step length at the iteration step [k].

B. Upper Bound Approach to Solving (14)

In this part, a low complexity algorithm is proposed to solve
the problem (14) so that the upper bound can be achieved.
Firstly, to make our expression more compact, we define
yij = Ajr{ that can be interpreted as the backhaul bandwidth
cost of caching. Observe that f,.(1) can be further decoupled
to each BS j, thus we focus on solving (14) for one BS.
Let uj > 0,Vj € Jand v;;j > 0,Vj € J,Vi € I;.’ be the
dual variables associated with constraints (5) and ¢;; < 1 of
the problem given in (14), respectively. Then, the Lagrangian
of (14) can be expressed as

=2 vij (@ 1)

Lj (€, u,v) =log Z H,‘jE,‘j —+1

iery iery
=D Vil —ui | D& =S
ielf ielf
= log z Hijcij +1
ielf
= 2 (i s i) G+ S+ vy
ieI_;’ ieI_;’
(18)

It is noted that L; (¢, u,v) is a continuous and dif-
ferentiable function of ¢;j, uj, and v;;. By differentiat-
ing L;(c, p,v) with respective to ¢;j, we can have the
Karush-Kuhn-Tucker (KKT) conditions as

oL; _ H;;
0 (Sicsr Hiliy+1)

— (vij+uj+vij) <0, Viel;

(19)
- H;j .
Cij I — (vij+uj+vi) | =0, Viel;
(Zief;r Hijéij +l)
(20)
Wj Zgij—Sj =0, ViEI}r 2n
iery

Vij (Eij — 1)20, Vi € I}-r (22)

From (19) and (20), we obtain an optimal cache allocation for
fixed Lagrange multipliers as

.+
3 1+ Zi/#i Hi’jci/j 23)
H;; ’

. 1
Cii =
! [(Yij +uj+ Uij)
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Algorithm 1 Upper Bound Algorithm of the Wireless Edge
Caching

Input: Backhaul price {4;} and caching gain {H;;}
Output: Relaxed cache placement strategy {c;;}

[

begin Sovling problem (14)

2 | Set prescribed accuracy ¢ and maximum number of
iteration steps T;

3 ,uj<—,uj ,V], vjj <—vl[j0],\7’i,j;// set
initial dual variables

4 t < 1;// interation step indicator

5 | while ¢ is not reached && t < T do
6 Update c[H'1

i1

according to (23);

7 Update u'; accordlng to according to (24);

8 Update Vii i+ according to according to (25);

9 t<—t+ 1

10 | end

11 end

where [x]T = max{x,0}. As Hijj = 0 leads
1 2 Hl/JC"J:I _ Soo—

I:(YI/JFNH’VM) Hij _> o0 Cij = 0~ In other

words, since H;; = 0, any positive values of ¢;; do not

increase the utility but only waste physical resource instead.
To obtain (23), using a gradient-based search, the updated u ;
value is given by

+

A S -],

161”

[t+1] t

where [¢] is the iteration index and a,[f] are sufficiently small
step sizes. Similar to v;;,
+
1)] :
[7]

where oy, ' are sufficiently small step sizes. We summarize the
procedure used to get the optimal solution of the problem (14)
in Alg. 1.

The problem (15) obviously is a linear problem that can
be solved effortlessly by general methods (e.g. interior point
method) that are polynomial time algorithms in the worst
case. Moreover, since the problem (15) is similar to the
problem (14), even simpler because of the linear objective
function, we can use the same idea to solve the problem (15).
Limited by the space, we do not give detailed analysis on it.

[t+1] — [ 1] (25)

alll (.. —
lj ij a, (Clj

C. Rounding Methods Based on Marginal Benefits

Recall that we have relaxed the cache placement indicators
c¢ij and video resolution x;, to real values between zero and
one instead of binary variables. Thus, we have to recover them
to binary values after we get the relaxed solution. The basic
idea of the rounding method is that we select the ‘best’ users
to utilize the caching resource and the ‘highest’ resolution for
users under current resource allocation solution. In this paper,

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 16, NO. 10, OCTOBER 2017

cij is recovered to binary based on the corresponding marginal
benefit [32], [46].

Firstly, we calculate the marginal benefits of each user as
(Ziez;r Hijcij + l)
Then, assuming ¢;; € [0, 1] is the achieved optimum solution,

we can obviously calculate the available number of cache that
can be updated at BS j as

N; = LZ Cij 1.

2 T
lEIj

Qf =oU/oc; = (26)

27)

where |x| means taking the maximum integer value that is
less than x. In other words, N; means the maximum number
of content segments that can be cached at e BS j during the
scheduling period. N; users can be selected from 17, whose
ij are larger than other users. Formally, we can separate all
users of BS j to two sets I][.”’H
Am-l

containing N; = elements
and containing the remaining users. I][.”’H and IJL”’_]

have following relationship:

max Q < min Q (28)
lEI[ - leI_E” ]
Then, the caching indicator ¢;; can be recovered by
1 ifi e ™™
Ccii = J > (29)
Y [ 0 otherwise,

The recovering of x;, is easier due to constraints (6).
By assuming r;; is the achieved optimum solution, the method
uses following rule:

1, if ¢ = arg max sy, s.t. g < 20,7

Xig = q (30)
0, otherwise.

(30) is used to find the highest resolution whose required data

rate is lower than the provided data rate.

As the two relaxed subproblems have been solved and
variables are rounded up to binaries, the solution of the original
problem PO is obtained. A complete description of the overall
proposed scheme is stated in Algorithm 2.

D. Computational Complexity, Convergence and Optimality

As we mentioned above, the problems formulated in (11) is
nonlinear integer optimization problems and is NP-hard with-
out computational efficient algorithms to obtain the optimal
solution [42]. Exhaustive searching method can be used to find
a solution. However, for a dynamic caching SDWN system
with I users and J BSs, the computational complexity of
exhaustive searching method is about O((J + 1)!) even we
ignore the calculation of spectrum and backhaul allocation,
which is tremendously high and unacceptable for practical
implementation. BnB method or dynamic programming can
be used to solve this problem, but they are computationally
intensive and might not be practical for large-scale problems.

Alg. 1 is a polynomial time algorithm with the computa-
tional complexity of O(/J). The computational complexity
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Algorithm 2 The Proposed Joint Allocation Algorithm

Input: Wireless network status ({a;} {R}**} (T},
caching placement ({h;;} {m;;} {C;}), and QoE
parameters ({vg} So {big})

Output: {rl]j‘-} {ris} Aeij} {xig}-

1 begin Solve the problem P0

2 | Set prescribed accuracy € and maximum number of
iteration steps K;

3| ;< A ¥ji // set initial bandwidth
prices

4 | k<1, // interation step indicator

5 | while € is not reached && k < K do

6 begin bandwidth provisioning and video resolution
selection

7 Update rg , rl.“j and {X;,} by solving the
problem (15);

8 Rounding {X;4} up to {x;4} according to (30);

9 end

10 begin cache placement

11 Update ¢;; by solving the problem (14);

12 Calculate the marginal benefits and available
cache according to (26) and (27);

13 Form Ij[.”’_] and Ij[.”’H based on selecting users
according to (28);

14 Rounding {¢;;j} up to {c;;} according to (29);

15 end

16 Update A%+ according to (17);

17 k<—k+1;

18 | end

19 end

of solving the problem (15) is O(max{/, J}J) leading it
as a polynomial time algorithm as well. The computational
complexity of the proposed dual-decomposition Alg. 2 is
O(max{l, J}J). The detailed analysis of computational com-
plexity can be found in Appendix. Obviously, our proposed
scheme reduce the computational complexity significantly,
compared to exhaustive searching method.

Since either the inner loop in Alg. 1 or the outer loop in
the proposed algorithm 2 is used to solve a convex problem
which is proved to converge to the exact marginal. However,
the precise conditions and the initial bandwidth prices used
in dual-decomposition are not able to be decided before a
practical implementation. The optimality cannot be guaranteed
since we are solving an NP-hard problem. However, as we can
get the upper bound of the proposed problem, we can use it as
a replacement for the optimal solution to evaluate our proposed
algorithm empirically. Thus, simulation results are used to test
the convergence and the optimality of the proposed algorithm
Fig. 3 in Section V.

E. Implementation Design in SDWNs

To illustrate the utilization of Alg. 2 into SDWNs, we give
an instance presented by a diagram in Fig. 2.

6919

\control plar}—\

Update users requests
and location information

/

and link status . " Receive control
v (.ee.zd.b.a? ) information
’ Predict behaviours of users ‘ Y
0 Update SDN
Y
forwarding table
’ Execute the proposed Alg. 2 ‘ Y
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SDN controller BSs
Data plane
BSs

cache

Fig. 2. The flow diagram in the proposed cache-enabled flow control
in SDWNs.

Content Source

Firstly, as shown in Fig. 2, in the control plane, the SDN
controller updates the network status according to feedbacks
from BSs, then predict the users’ behaviors to calculate {r;;}.
By using this information, the SDN controller calls our
proposed Alg. 2 to calculate the provisioned bandwidth and
caching strategy for each flow i and BS j. After this, the SDN
controller sends the control information to selected BSs and
content source (the cloud center or the public networks).
According to the control information, BSs and other net-
work elements (e.g., potential routers) will update their SDN
forwarding tables and perform resource allocation (e.g., cell
association and scheduling). In the data plane, flows carry-
ing contents requested by users can pass networks elements
selected by the control plane and to users.

V. SIMULATION RESULTS AND DISCUSSIONS

Simulation results are presented in this section to demon-
strate the performance of the proposed scheme. The simulator
is a Matlab-based system level simulator. Monto-Carlo method
is used in the simulations. We run the simulations in an
X86 desktop computer with quad core CPU (Intel Q8400),
4GB RAM, and the OS of Microsoft Windows 7 SP1. The
positions of MBSs and SBSs are fixed. We randomly deploy
users in the covered area in each simulation cycle. Average
values are taken to reduce the randomness effects in the
simulations.

The number of available videos is 100,000, with popularity
following a Zipf distribution with exponent 0.56, follow-
ing [17]. In the simulation, we consider a cellular network
including 57 BSs that cover a 400m-by-400m. 9 BSs are core
BSs (macro cells) that connect to the core network and the
SDN controller directly. The remaining 48 BSs (small cells)
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TABLE 11
SIMULATION PARAMETERS

Network parameters [

value

geographic area

number of BSs

number of users

frequency bandwidth (MHz)
frequency reuse factor

transmission power profile

propagation profile [43]

power density of the noise
spectrum efficiency calculation

backhaul capacity (Mbps)

average trasmission latency (ms)
prediction probability range
total content

content popularity profile

cache size at BSs

400m-by-400m

9 macro cells, 48 small cells

30 — 120,80*

20

1

SISO with maximum power;

49dBm (macro), 20dBm (small)
pathloss:L(distance)=34+40log(distance);
lognormal shadowing: 8dB;

no fast fading

-174 dBm/Hz

Shannon bound

macro to CN:500;

small to macro: 25 — 160, 40*

RAN: 50; backhaul: 60

low:0-0.5; high:0.5-0.99

105

Zipf distribution with exponent 0.56 [17]
300 — 1200, 600*

TABLE III
vMOS OF VIDEO RESOLUTIONS [38]

q [ resolution | Required data rate vy [ resolution vMOS sg4
1 | 4k or more | 25 Mbps 4.9

2 | 2k 12 Mbps 48

3 | 1080p 10 Mbps 45

4 | 720p 5 Mbps 4

5 | 480p 2 Mbps 3.6

6 | 360p 1.5 Mbps 2.8

connect to the core networks through these 9 BSs. Besides
those, perfect synchronization is assumed in this paper. SISO
case is considered in our paper, but it is attractive to extend
it to MIMO in the future work. The remaining simulation
parameters are summarized in Table. II. The values with
mean default values. The information on video streams, such
as required data rate and corresponding MV-MOS, are shown
in Table III.

In our simulations, we compare five different schemes:
the no-caching scheme (baseline (no cache)) that delivers
video traffic in wireless networks without caching; the static
caching (baseline) scheme (caches is fixed in the research
period) with considering resource allocation, similar to what
is discussed in [17] and [21], and the proposed dynamic
caching scheme that replaces the caches with considering
resource allocation and video quality selection. Two scenarios
of the content request probability 7= are tested. One is high
probability ranging at (0.5 — 0.95] and the other is low
probability ranging at (0 — 0.5]. The high probability means
that the user behavior is easier to predict (e.g., watching
popular video and tractable paths) and the low probability
means the user may quickly change the watched video and
wander in the city.

A. Algorithm Performance

Fig. 3 demonstrates the evolution of the proposed dual
decomposition algorithm for different initial values of 4;.
The iteration step k refers to the main loop iteration of
Algorithm 2. At each step we calculate the differences between
obtained utility U and the optimum utility U* by solving

1000 \ ; ‘ :
——\=0.01
L ——)=0.05
500 3=0.1
. —— =1
-}
= O0f AS3450255590
5
-500
-1000 ‘ ‘ ‘ ‘
0 10 20 30 40 50

lteration step k

Fig. 3. Convergence and optimality of the proposed scheme.
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Fig. 4. Average throughput per user with different network loads.
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[a)
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0.4r 1
0.2r 1
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User RAN round-trip delay (ms)

Fig. 5. CDF of round trip delay (backhaul and RAN only) of users.

the relaxed problem (upper bound) P0. In most of simulation
instances shown in Fig. 3, we see that the proposed algorithm
converges to a fixed point. It can be observed that the iterative
algorithm converges to the optimal value within ten steps
when 4 = 0.05, which means the optimum dynamic caching
strategy and the bandwidth provisioning can be achieved
within a few iterations. However, Fig. 3 also suggests that
some inappropriate initial values of 1 may result in a worse
convergence speed. As shown in Fig. 3, its performance can
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approach the upper bound with a slight gap, especially after
ten steps, which embraces a relatively acceptable solution.

To evaluate the throughput of the proposed scheme,
we compare our proposed dynamic caching scheme with
two peers. The first one called Baseline (no SDWN) is the
proposed caching policy stated in [33] and the second called
Baseline (no cache) is the traditional network. As shown
in Fig. 4, both two cases with caching show better performance
than non-caching case. Moreover, by deploying bandwidth
provisioning using SDWN, the proposed scheme shows further
improvements on the throughput per user compared to other
schemes.

B. Network Performance

1) Delay: Transmission delay is the key performance metric
for video streaming in cache-enabled SDWNs. Users may give
up watching the video because of the long waiting time for
video buffering. In this subsection, we evaluate the average
transmission delay performance and the results are shown
in Figs. 5 and 6.

Fig. 5 shows the cumulative distribution function (CDF)
of round trip delay of users with different caching schemes
and prediction accuracy respectively. The CDFs for dynamic
and static caching all improve significantly at delay reduction
compared to no in-network caching case, showing a maxi-
mum 2.5x gain, in both low and high probability settings.

Specifically, the proposed proactive caching boosts the per-
formance of network delay deduction the most when we can
keep caching contents with high probability to be requested.
Almost 50% users experience delay less than 60ms because
their backhaul latency is eliminated by the cache. Moreover,
we can see even with low probability setting, the performance
surpasses the static caching strategy, which implies that the
proposed caching scheme should be deployed no matter the
probability. It should be noted that the flat curves appeared
in CDFs (between 60 ms to 80 ms) due to the elimination of
backhaul latency brought by deploying in-network caching.
Results shown in Fig. 6 compare the average delay per-
formance among different caching schemes and prediction
accuracies. In Fig. 6a and Fig. 6b, note that the average delay
of users can be further reduced by increasing available physical
resource such as available cache space or (and) backhaul band-
width of each BS because more data are going to be cached
when we have more resources. It is observed that the pro-
posed dynamic caching scheme with high probability always
achieves the lowest while the proposed dynamic caching
scheme with low probability is also better than static caching
scheme. However, when the probability is not high, increasing
backhaul resource or cache resources has a tiny effect on
the delay reduction. Moreover, it can be seen in Fig. 6b that
proposed schemes with low probability surpasses the baseline
when the backhaul capacity is larger than 90 Mbps. The
probable reason is that the bottleneck here is behaviors of
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users instead of the physical resource. As shown in Fig. 6c,
the increase of users degrades the performance of the network,
because it implies that more physical resources are put to real-
time flows rather than caching data. This results in less hitting
events that can reduce the delay. It is interesting to observe
in Fig. 6¢ that the increase of traffic load has very little effect
on the cases where no dynamic caching is deployed. The
intuitive reason is that since static caching is independent of
traffic load.

2) QoE Guarantee: In addition to the mean delay, it is also
necessary to analyze the mobile MV-MOS of our proposed
scheme. As shown in Fig. 7a, our proposed scheme satisfies
the QoE requirements. Specifically, by putting more users into
the network, the vMOS requirements are guaranteed even it
has a slight decrease. Obviously, as shown in the other two
figures, the boost of physical resource provides the better
situation where degradation would not happen. Therefore,
as mentioned Section IV-A, the proposed proactive caching
does not undermine the video quality.

C. Utilization

In this subsection, the utilization of caching resource and
backhaul are tested in terms of hitting events, hitting rate and
backhaul load.

1) Caching Resource: The hit ratio is widely adopted as the
performance metric to evaluate the caching mechanisms [7].

80

Backhaul capacity per BS (Mbps)

(b) Backhaul capacity

500 . . .
200 600 800 1000
Cache size per BS

100 120 140 160 400 1200

(c) Cache storage size

Since our first baseline does not consider in-network caching
scheme, consequently, we omit the no-caching scheme in this
subsection and illustrate the average hit ratio of the cached
contents of the other four schemes in our simulations in Fig. 8.
Due to the dynamic caching operations, the proposed scheme
improves the average hit ratio performance by around 30%
compared to the fixed caching scheme when the probability
is high, and by around 10% at most if the probability is
lower. In Fig. 8a, it is observed that the hitting ratio of both
two proposed cases is decreasing with the total number of
users because more users higher the load of backhaul used for
streaming videos.

Another performance measurement metric, total hitting
events, also can be used to evaluate the utilization of cache
resource at each BS. Fig. 9 shows the average total hitting
within one hour per BS. Obviously, our proposed schemes
show better performance than passive caching schemes.
Moreover, with increasing the number of users in the networks,
the total cache hitting of fixed caching is increasing due to
the larger amount of users boosts the opportunities. Besides
network load, with the increase of backhaul capacity of BSs
and the cache capacity of each BS, the average hitting events
increase significantly by deploying the dynamic caching. The
reason is the same as that we mentioned in the analysis of the
delay.

2) Backhaul Resource: In this experience, we compare
the (normalized) backhaul traffic load of video streaming
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with different schemes in Fig. 10 with different parameters.
In Fig. 10, we can see no-caching scheme takes the most back-
haul load while all other four caching schemes can alleviate the
backhaul. Specifically, with varying network status (network
load, backhaul capacity and cache size), dynamic caching
schemes cost more backhaul as they replace the caches more
frequently than fixed caching schemes. Furthermore,the two
caching cases (dynamic and fixed) of high probability save
more backhaul. Apparently, higher number of users leads
higher backhaul load shown in Fig. 10a and more physi-
cal resources give more flexible backhaul pressure. shown
in Fig. 10b and Fig. 10c.

VI. CONCLUSIONS AND FUTURE WORK

In this paper, we jointly studied radio resource allocation,
dynamic caching and adaptive video resolution selection for
cache-enabled SDWNs. We proposed a polynomial time algo-
rithm to solve the joint problem. We took the dynamic caching
and adaptive video resolution selection into account of the flow
control problem in SDWNs and formulated a joint problem.
Then, we transferred this problem by relaxation to a convex
problem that can be solved efficiently, and an algorithm was
designed. Simulation results were presented to show that the
performance of our proposed scheme can improve the QoE
in terms of delay and video quality as well as efficiency of
physical resource utilization. Future work is in progress to
consider mobile edge computing in the proposed framework.

APPENDIX
COMPUTATIONAL COMPLEXITY ANALYSIS

The complexity of Alg. 1 can be evaluated as follows.
Firstly, the number of variables is /J and the number of dual
variables is (I + 1)J, thus the elementary steps needed for
calculating cl[]'.H], ,uE.IH] and vi[]t.H] are (21 + 1)J. Secondly,
the maximum loops of iterations for the calculation are T
loops. Therefore, as other steps in Alg. 1 is independent
from 7/ and J, Alg. 1 runs in polynomial time with the time
complexity of O(T (21 + 1)J) = O(IJ). Similarly, if Alg. 1
is running in a distributed manner at each BS. The number
of variables and dual variables at each BS are at most / and
(1+1) respectively. Thus, the elementary steps for calculation
are (21 4+ 1), which means the time complexity of each BS
is o(1).

Backhaul capacity per BS (Mbps)

(b) Backhaul capacity

Cache size per BS

(c) Cache storage size

The complexity for solving the problem (15) can be eval-
uated similarly to the above if we use dual methods (e.g.,
primal-dual interior method). The total number of variables
is QI + IJ + J? and the number of dual variables is
J24+J+ 1+ 141+ QI. As a result, the elementary steps
needed for calculating those variables at most are T'(2Q1 +
2J24+1J+21+J+1) where T’ is them maximum iterations,
which means the time complexity for solving problem (15) is
O(max{I, J}J) (a polynomial time algorithm).

In Alg. 2, the number of bandwidth prises is J, which means
J steps are needed to update 4;. As we explained above,
the time complexity for updating rlf’ e+1] 3 k+11 and xl.[](;H]
are O(max{/, J}J) and for cg.H]l are O(IJ), respectively.
Consequently, Alg. 2 obtains the solution with the the time
complexity of O(max{/, J}J) as the complexities of rounding
{cij} and {x;4} up are just O(/J) and O(Q1) (usually Q < J).

,

REFERENCES

[11 Cisco Visual Networking Index: Global Mobile Data Traffic Forecast
Update 2016-2021 White Paper. Accessed on Aug. 02, 2017. [Online].
Available: http://www.cisco.com/c/en/us/solutions/collateral/service-
provider/visual-networking-index-vni/complete-white-paper-c11-
481360.pdf

[2] B. A. A. Nunes, M. Mendonca, X.-N. Nguyen, K. Obraczka, and
T. Turletti, “A survey of software-defined networking: Past, present,
and future of programmable networks,” IEEE Commun. Surveys Tuts.,
vol. 16, no. 3, pp. 1617-1634, 3rd Quart., 2014.

[3] T. Chen, M. Matinmikko, X. Chen, X. Zhou, and P. Ahokangas, “Soft-
ware defined mobile networks: Concept, survey, and research directions,”
IEEE Commun. Mag., vol. 53, no. 11, pp. 126-133, Nov. 2015.

[4] R. Q. Hu and Y. Qian, “An energy efficient and spectrum efficient
wireless heterogeneous network framework for 5G systems,” [EEE
Commun. Mag., vol. 52, no. 5, pp. 94-101, May 2014.

[5]1 Y. Xu, R. Q. Hu, Y. Qian, and T. Znati, “Video quality-based spectral and
energy efficient mobile association in heterogeneous wireless networks,”
IEEE Trans. Commun., vol. 64, no. 2, pp. 805-817, Feb. 2016.

[6] Y. Cai, F. R. Yu, C. Liang, B. Sun, and Q. Yan, “Software-defined
device-to-device (D2D) communications in virtual wireless networks
with imperfect network state information (NSI),” IEEE Trans. Veh. Tech.,
vol. 65, no. 9, pp. 7349-7360, Sep. 2016.

[71 P. Si, H. Yue, Y. Zhang, and Y. Fang, “Spectrum management for
proactive video caching in information-centric cognitive radio networks,”
IEEE J. Sel. Areas Commun., vol. 34, no. 8, pp. 2247-2259, Aug. 2016.

[8] C.Liang, F. R. Yu, and X. Zhang, “Information-centric network function

virtualization over 5G mobile wireless networks,” IEEE Netw., vol. 29,

no. 3, pp. 68-74, May 2015.

W.-C. Liao, M. Hong, H. Farmanbar, X. Li, Z.-Q. Luo, and H. Zhang,

“Min flow rate maximization for software defined radio access net-

works,” IEEE J. Sel. Areas Commun., vol. 32, no. 6, pp. 1282-1294,

Jun. 2014.

[9]



6924

(10]

[11]

(12]

(13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

(31]

[32]

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 16, NO. 10, OCTOBER 2017

B. Ahlgren, C. Dannewitz, C. Imbrenda, D. Kutscher, and B. Ohlman,
“A survey of information-centric networking,” IEEE Commun. Mag.,
vol. 50, no. 7, pp. 26-36, Jul. 2012.

D. Liu, B. Chen, C. Yang, and A. F. Molisch, “Caching at the wireless
edge: Design aspects, challenges, and future directions,” IEEE Commun.
Mag., vol. 54, no. 9, pp. 22-28, Sep. 2016.

J. Li, Y. Chen, Z. Lin, W. Chen, B. Vucetic, and L. Hanzo, “Distrib-
uted caching for data dissemination in the downlink of heterogeneous
networks,” IEEE Trans. Commun., vol. 63, no. 10, pp. 3553-3568,
Oct. 2015.

M. Tao, E. Chen, H. Zhou, and W. Yu, “Content-centric sparse multicast
beamforming for cache-enabled cloud RAN,” IEEE Trans. Wireless
Commun., vol. 15, no. 9, pp. 6118-6131, Sep. 2016.

H. A. Pedersen and S. Dey, “Enhancing mobile video capac-
ity and quality using rate adaptation, RAN caching and process-
ing,” ACM/IEEE Trans. Netw., vol. 24, no. 2, pp. 996-1010,
Apr. 2016.

Y. Chen, K. Wu, and Q. Zhang, “From QoS to QoE: A tutorial on
video quality assessment,” IEEE Commun. Surveys Tuts., vol. 17, no. 2,
pp. 1126-1165, 2nd Quart., 2015.

N.-D. Pao, H. Zhang, H. Farmanbar, X. Li, and A. Callard, “Handling
real-time video traffic in software-defined radio access networks,” in
Proc. IEEE ICC Workshops, Jun. 2015, pp. 191-196.

N. Golrezaei, K. Shanmugam, A. G. Dimakis, A. F. Molisch, and
G. Caire, “FemtoCaching: Wireless video content delivery through
distributed caching helpers,” in Proc. IEEE INFOCOM, Mar. 2012,
pp. 1107-1115.

H. Farmanbar and H. Zhang, “Traffic engineering for software-
defined radio access networks,” in Proc. IEEE Netw. Oper. Manag.
Symp. (NOMS), May 2014, pp. 1-7.

M. S. El Bamby, M. Bennis, W. Saad, and M. Latva-aho, “Content-
aware user clustering and caching in wireless small cell networks,” in
Proc. 11th Int. Symp. Wireless Commun. Syst. (ISWCS), Aug. 2014,
pp. 945-949.

A. Liu and V. K. N. Lau, “Mixed-timescale precoding and cache control
in cached mimo interference network,” IEEE Trans. Signal Process.,
vol. 61, no. 24, pp. 6320-6332, Dec. 2013.

B. Dai and W. Yu, “Sparse beamforming and user-centric cluster-
ing for downlink cloud radio access network,” IEEE Access, vol. 2,
pp. 1326-1339, Oct. 2014.

A. Abboud, E. Bastug, K. Hamidouche, and M. Debbah, “Distributed
caching in 5G networks: An alternating direction method of multipliers
approach,” in Proc. IEEE Workshop Signal Process. Adv. Wireless
Commun. (SPAWC), Jul. 2015, pp. 171-175.

C. Liang and F. R. Yu, “Bandwidth provisioning in cache-enabled
software-defined mobile networks: A robust optimization approach,” in
Proc. IEEE Veh. Tech. Conf. (VTC-Fall), Sep. 2016, pp. 1-5.

K. Poularakis, G. Iosifidis, and L. Tassiulas, “Joint caching
and base station activation for green heterogeneous cellular net-
works,” in Proc. IEEE Int. Conf. Commun. (ICC), Jun. 2015,
pp. 3364-3369.

V. A. Siris, X. Vasilakos, and G. C. Polyzos, “Efficient proactive caching
for supporting seamless mobility,” in Proc. IEEE 15th Int. Symp. World
Wireless, Mobile Multimedia Netw. (WoWMoM), Jun. 2014, pp. 1-6.
M. Seufert, S. Egger, M. Slanina, T. Zinner, T. HoBfeld, and P. Tran-Gia,
“A survey on quality of experience of HTTP adaptive streaming,” IEEE
Commun. Surveys Tuts., vol. 17, no. 1, pp. 469-492, 1st Quart., 2015.
H. Ahlehagh and S. Dey, “Video-aware scheduling and caching in
the radio access network,” IEEE/ACM Trans. Netw., vol. 22, no. 5,
pp. 1444-1462, Oct. 2014.

J. Zhu, J. He, H. Zhou, and B. Zhao, “EPCache: In-network video
caching for LTE core networks,” in Proc. Int. Conf. Wireless Commun.
Signal Process. (WCSP), Oct. 2013, pp. 1-6.

A. Liu and V. K. N. Lau, “Exploiting base station caching in MIMO
cellular networks: Opportunistic cooperation for video streaming,” I[EEE
Trans. Signal Process., vol. 63, no. 1, pp. 57-69, Jan. 2015.

R. Yu et al, “Enhancing software-defined RAN with collabora-
tive caching and scalable video coding,” in Proc. IEEE Int. Conf.
Commun. (ICC), May 2016, pp. 1-6.

L. Ma, F. Yu, V. C. M. Leung, and T. Randhawa, “A new method to
support UMTS/WLAN vertical handover using SCTP,” IEEE Wireless
Commun., vol. 11, no. 4, pp. 44-51, Aug. 2004.

C. Liang, F. R. Yu, H. Yao, and Z. Han, “Virtual resource allocation in
information-centric wireless networks with virtualization,” IEEE Trans.
Veh. Technol., vol. 65, no. 12, pp. 9902-9914, Dec. 2016.

(33]

[34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

D. Niyato, D. I. Kim, P. Wang, and M. Bennis, “Joint admission control
and content caching policy for energy harvesting access points,” in Proc.
IEEE Int. Conf. Commun. (ICC), May 2016, pp. 1-6.

J. Qiao, Y. He, and X. S. Shen, “Proactive caching for mobile video
streaming in millimeter wave 5G networks,” IEEE Trans. Wireless
Commun., vol. 15, no. 10, pp. 7187-7198, Oct. 2016.

F. Yu and V. C. M. Leung, “Mobility-based predictive call admis-
sion control and bandwidth reservation in wireless cellular net-
works,” in Proc. IEEE INFOCOM’, Anchorage, AK, USA, Apr. 2001,
pp- 518-526.

Y. He, F. R. Yu, N. Zhao, H. Yin, H. Yao, and R. C. Qiu, “Big
data analytics in mobile cellular networks,” [EEE Access, vol. 4,
pp- 1985-1996, Mar. 2016.

Y. He, C. Liang, F. R. Yu, N. Zhao, and H. Yin, “Optimization of cache-
enabled opportunistic interference alignment wireless networks: A big
data deep reinforcement learning approach,” in Proc. IEEE Int. Conf.
Commun. (ICC), Paris, France, Jun. 2017, pp. 1-6.

D. Schoolar. (2015) Whitepaper: Mobile Video Requires Perfor-
mance and Measurement Standards. [Online]. Available: http://www-
file.huawei.com/

S. Singh, O. Oyman, A. Papathanassiou, D. Chatterjee, and
J. G. Andrews, “Video capacity and QoE enhancements over LTE,” in
Proc. IEEE Int. Conf. Commun. (ICC), Jun. 2012, pp. 7071-7076.

A. El Essaili, D. Schroeder, E. Steinbach, D. Staehle, and M. Shehada,
“QoE-based traffic and resource management for adaptive HTTP video
delivery in LTE,” IEEE Trans. Circuits Syst. Video Technol., vol. 25,
no. 6, pp. 988-1001, Jun. 2015.

D. Bethanabhotla, O. Y. Bursalioglu, H. C. Papadopoulos, and G. Caire,
“Optimal user-cell association for massive MIMO wireless networks,”
IEEE Trans. Wireless Commun., vol. 15, no. 3, pp. 1835-1850,
Mar. 2016.

G. Li and H. Liu, “Downlink radio resource allocation for multi-cell
OFDMA system,” IEEE Trans. Wireless Commun., vol. 5, no. 12,
pp. 3451-3459, Dec. 2006.

Q. Ye, B. Rong, Y. Chen, M. Al-Shalash, C. Caramanis, and
J. G. Andrews, “User association for load balancing in heterogeneous
cellular networks,” IEEE Trans. Wireless Commun., vol. 12, no. 6,
pp. 2706-2716, Jun. 2013.

F. Yu and V. Krishnamurthy, “Effective bandwidth of multimedia traffic
in packet wireless CDMA networks with LMMSE receivers: A cross-
layer perspective,” IEEE Trans. Wireless Commun., vol. 5, no. 3,
pp. 525-530, Mar. 2006.

S. Boyd, L. Xiao, A. Mutapcic, and J. Mattingley, “Notes
on decomposition methods,” Stanford Univ., Stanford, CA,
USA, Tech. Rep. EE364B, 2003. [Online]. Available:

https://stanford.edu/class/ee364b/lectures/decomposition_notes.pdf

G. Liu, F. R. Yu, H. Ji, and V. C. M. Leung, “Energy-efficient resource
allocation in cellular networks with shared full-duplex relaying,” IEEE
Trans. Veh. Tech., vol. 64, no. 8, pp. 3711-3724, Aug. 2015.

Chengchao Liang received the B.Eng. degree in
communication engineering and the M.Eng. degree
in communication and information systems from the
Chonggqing University of Posts and Telecommunica-
tions, China, in 2010 and 2013, respectively, and
the Ph.D. degree in electrical and computer engi-
neering from Carleton University, Canada, in 2017.
He is currently a Post-Doctoral Fellow with the
Department of Systems and Computer Engineering,
Carleton University, Canada. His research interests
include radio resource management, edge computing

and caching, network virtualization, and applications of convex optimization.

Ying He received the B.S. degree in communication
and information systems from Dalian Ocean Univer-
sity, Dalian, China, in 2011, and the M.S. degree in
communication and information systems from the
Dalian University of Technology, Dalian, in 2015,
respectively. She is currently pursuing the Ph.D.
degree with the Dalian University of Technology and
- Carleton University. Her current research interests

| include big data, wireless networks, and machine
learning.



LIANG et al.: ENHANCING QoE-AWARE WIRELESS EDGE CACHING WITH SDWNs

F. Richard Yu (S’00-M’04-SM’08) received the
Ph.D. degree in electrical engineering from The
University of British Columbia in 2003. From 2002
to 2006, he was with Ericsson, Lund, Sweden, and a
start-up in CA, USA. He joined Carleton University
in 2007, where he is currently a Professor. His
research interests include cross-layer/cross-system
design, connected vehicles, security, and green ICT.
He is a fellow of the Institution of Engineering and
| Technology. He is also a Distinguished Lecturer and
a member of the Board of Governors of the IEEE
Vehicular Technology Society. He received the IEEE Outstanding Service
Award in 2016, the IEEE Outstanding Leadership Award in 2013, the Carleton
Research Achievement Award in 2012, the Ontario Early Researcher Award
(formerly Premiers Research Excellence Award) in 2011, the Excellent Contri-
bution Award at the IEEE/IFIP TrustCom 2010, the Leadership Opportunity
Fund Award from the Canada Foundation of Innovation in 2009, and the
Best Paper Award at the IEEE ICC 2014, the Globecom 2012, the IEEE/IFIP
TrustCom 2009, and the International Conference on Networking 2005.
He serves on the editorial boards of several journals, including as Co-Editor-
in-Chief of the Ad Hoc & Sensor Wireless Networks and a Lead Series
Editor of the IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, the
IEEE TRANSACTIONS ON GREEN COMMUNICATIONS AND NETWORKING,
and the I[EEE Communications Surveys & Tutorials. He has served as the
technical program committee co-chair of numerous conferences. He is a
registered Professional Engineer in the province of Ontario, Canada.

6925

Nan Zhao (S’08-M’11-SM’16) received the B.S.
degree in electronics and information engineering,
the M.E. degree in signal and information process-
ing, and the Ph.D. degree in information and com-
munication engineering from the Harbin Institute of
Technology, Harbin, China, in 2005, 2007, and 2011,
respectively. He is currently an Associate Professor
with the School of Information and Communica-
tion Engineering, Dalian University of Technology,
China. He has published more than 100 papers
in refereed journals and international conferences.
His recent research interests include interference alignment, cognitive radio,
wireless power transfer, and physical layer security. He is a Senior Member of
the Chinese Institute of Electronics. He received the Top Reviewer Award from
the IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY in 2016. He was
nominated as an Exemplary Reviewer by the IEEE COMMUNICATIONS
LETTERS in 2016. He served as a TPC member for many interferences,
e.g., Globecom, VTC, and WCSP. He is serving or served on the editorial
boards of several journals, including the Journal of Network and Computer
Applications, IEEE ACCESS, Wireless Networks, Physical Communication,
AEU-International Journal of Electronics and Communications, Ad Hoc
& Sensor Wireless Networks, and the KSII Transactions on Internet and
Information Systems.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


