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Abstract—Over the last decade, success of social networks
has significantly reshaped how people consume information.
Recommendation of contents based on user profiles is well-
received. However, as users become increasingly mobile, little is
done to consider the constraints of the wireless environment. In
this paper, we investigate a centralized wireless content delivery
system, aiming to optimize overall user experience given the
capacity constraints of the wireless networks, by deciding what
contents to deliver and how. We propose a scheduling framework
incorporating content deliverability. Results indicate this novel
joint optimization approach outperforms existing systems, which
separates recommendation and delivery, especially when the
wireless network is operating at maximum capacity.

Index Terms—Social network, wireless network, optimization.

I. INTRODUCTION

Social networks, which enable sharing information among
users in various forms, have long existed on the Internet.
However, it is not until the past decade that we witnessed
their huge commercial and social success. Facebook, Twitter,
YouTube, along with innumerable social networks, greatly
facilitate information exchange for users all across the world.
Their successes rely heavily, if not solely, on content recom-
mendation based on user profiles, including but not limited
to social connections, engagement history, social groups, etc.
On one hand, social network providers are collecting more
data about users than ever, to deliver high quality contents for
users to consume; on the other hand, users are more willing
to share data with their trusted social network providers, in
return for better experience. Therefore, researchers in this
area are working diligently to maximize user experience by
recommending individualized contents that are most likely to
incur user engagements, with all the available data at hand.

As more and more users are moving towards their mobile
devices and become mostly mobile, wireless networks be-
come the new frontier for social network applications. The
trend of an ever growing mobile population is inevitable
and irreversible, due to the flexibility provided by wireless
technologies: with seamless and ubiquitous connection, users
could consume information whenever and wherever they want
or need.

Unfortunately, most of the social network applications were
designed for wired connections, assuming unlimited capacity
and reliable transmission. Unlike wired connections, wireless
networks are limited by insufficient radio frequency resources
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and changing channel. As multimedia contents de facto domi-
nate contents consumed in social network applications, the dis-
parity, between the capacity constraints of wireless networks
and the assumptions of guaranteed delivery of contents, results
in poor mobile experience and loss of user engagements, or
ultimately users themselves. Even with new generations of
access technology (LTE-Advanced and beyond), users are still
unable to fetch their contents when the number of active users
increases, because the wireless network becomes congested as
it approaches its capacity limits and quality of service degrades
drastically. Hence, we are motivated to provide services in
these scenarios so that users could still consume contents, even
though the contents delivered might not be the best contents
recommended by the social network applications.

Existing solutions fail to utilize the broadcast nature of
wireless networks. In light of the preliminary research and
industrial observations of social network applications, we note
that users exhibit patterns of temporal, spatial and social corre-
lations: they are likely to consume similar contents, though not
at the exact same time. This fact leads us towards a novel solu-
tion that multicasts and precaches contents to groups of users
to reduce redundant transmissions. It also suggests that under
congested circumstances, the system shall deliver contents that
maximize overall user experience across the system, but not
necessarily optimal for each individual user. In other words, we
are more tempted to deliver contents in a collectively optimal
way when the wireless networks are congested. This approach
requires information from both social and wireless networks
to jointly optimize system decisions.

Certain preliminary work has been done concerning the
joint user experience optimization incorporating social and
wireless networks. In [1], an opportunistic protocol based on
a wireless ad-hoc system is proposed to forward contents
with respect to possible future transmissions that could further
disseminate the contents. This protocol considers the physical
feasibility of wireless transmission, but does not discuss how
to allocate wireless resources in different wireless conditions.
The work of [2] employs hyperbolic embedding to stabilize
the network. It examined the performance of a greedy back
pressure algorithm in different topologies. It provided an
algorithm that could achieve optimal throughput within the
capacity region. However, as stated in [3], the capacity region
is hard to obtain and system utility is generally not optimized
under stabilizing policies.



In this paper, we investigate the content delivery problem
with capacity constraints in a system with centralized wireless
infrastructure. We need to decide what contents to transmit
to which users and how to transmit. Traditional systems
include two separated stages: (i) the social network application
chooses the best recommended contents for users; (ii) the
wireless network allocates resources for transmission. As
stated before, this unicast approach provides optimal results
only when the wireless resource is sufficient and/or when users
have absolutely nothing in common. However, if the wireless
network is congested, this approach fails to work.

We introduce our system model and evaluation framework
in Section II. The performance with and without look-ahead
at the wireless layer is analyzed in III-B. In Section IV,
we propose a scalable solution by utilizing limited multicast
modes and eliminating content limits for users. Then, we
analyze its performance and sensitivity against real-world data
in Section V. Extension to hybrid systems handling different
types of delivery is discussed in Section VI. Finally, we present
conclusions in Section VIIL.

II. PROBLEM FORMULATION
A. System Model

We consider a centralized system that both selects con-
tents for users according to rewards given wireless capacity
constraints and delivers the contents to users via a wireless
network, as illustrated in Fig.1. All the users are served
using the same base station and we assume the bandwidth
of the wired connections between the base station and content
server(s) is sufficient enough that the base station could access
contents as if they are stored locally. This assumption is valid
in practice because base stations are generally connected to the
Internet via fiber optic cables. Trivially, with modern chips, the
storage on user devices is sufficiently large to precache all the
contents scheduled for delivery.

(a) The normalized reward (or reward for simplicity) earned
from delivering content j to user 7 is denoted by f;;,0 < f;; <
1. This number is obtained from social network applications
via various big data techniques. The reward is earned only
after the first successful delivery of the whole content; partial
or repeated delivery does not earn (additional) reward. It is
important to note that the reward matrix might not be fully
filled due to either lack of interest or sufficient data, in which
case we simply denote them as no rewards (f;; = 0).

(b) The system is time-slotted with slot length 7" and the
scheduling horizon is T time slots. This is consistent with
modern cellular systems (GSM, UMTS, LTE, LTE-Advanced),
which are all time-slot based to simplify overhead of control
plane. Generally, the channel state is considered to remain
unchanged within the slot. We consider decisions for all the
users served by the base station at the beginning of each time
slot ¢, with the bandwidth of the wireless network B.

(c) The wireless channel is slow fading (i.e. it remains un-
changed during each scheduling time slot, as stated in (b)) and
is described by signal-to-interference-noise ratio SINREt) for
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Fig. 1. System Model: The social network applications are responsible to
select contents for users according to their profiles while the delivery networks
(including wired backbone and wireless last-hop networks) are responsible to
deliver to user devices.

user ¢ at time slot ¢, where Pi(t), 1 Z-(t), Ni(t) are received power
strength, interference power and noise power respectively.

P(t)

() _
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To reduce system complexity, contents shall be transmitted
within one time slot; otherwise, management of multicast
groups is too complicated to implement, given the changing
channel state between slots.

(d) For simplicity, we assume contents could be reliably
delivered with given transmission rate not exceeding the
Shannon limit. Therefore, given bandwidth B and slot length
T, the maximum bits deliverable to a user with SINR in the
time slot is denoted by W and it follows Shannon’s law:

R(SINR) = log,(1 + SINR) )

W = B.T-R(SINR) 3)

Table I summarizes definitions of parameters.

TABLE I
SUMMARY OF VARIABLES

Notations  Definition

M Number of users.

N Number of contents.

fij Reward for delivering content j to user <.

al(.;) Binary decision variable whether to transmit content j

to user ¢ at time slot ¢.

B®) Total available bandwidth at time slot ¢.

s§t) Wireless resource allocated for content j at time slot ¢.
SINREt) Signal-to-Interference-Noise ratio of user ¢ at time slot ¢

W; Size of content j in bits




B. Problem Formulation

We formulate the content delivery problem as a mixed
integer programming (MIP) problem.

Ty
t
maximize E E Oé,g-)'fij
NOING) 7o

g S t=1 1,5
subject to oa(-t) € {0,1} Vi, j,t
Za(t) <1 Vi, j
4
Zaij <No Vi, t @
“) Wy < s R(SINRYY) Vi, j
Zs§-t <B-T vt
Sg't) >0 Vj,t

The objective is to maximize the overall system reward,
with the constraints of: (i) decisions are binary; (ii) content j
is delivered to user ¢ at most once; (iii) at most Ny content is
delivered for each user in one time slot; (iv) quality of service
is satisfied; and (v) resource allocated does not exceed system
capacity.

III. SCHEDULING FRAMEWORK
A. Decision at Each Time Slot

For general cases, the MIP problem (4) is NP-hard and
solving it takes exponential time. Moreover, we care more
about the online version of the optimization, i.e. at time
slot t9, we only have access to current and historic channel
information {SINREt),Vi;t =1,---,t0}. Solving the offline
version is of little practical use for scheduling.

Therefore, at each time slot ¢y we introduce the 77-
step lookahead (no lookahead with 77, = 0) version of
the MIP problem given the wireless channel profile of each

user. Scheduling decisions {a(t") s{L at each time slot

L A )
are obtained by solving this lookahead version (5). All the
auxiliary symbols with tilde are the lookahead version of the

corresponding parameters in the MIP problem (4).

to+TL t) (t0)
- .
masinize 32 >4l Ty
Q5085 t=to 4,5
subject to dz(? e {0,1} Vi, j,t
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We rewrite the single transmission constraints in (4) by chang-
ing reward values at each time slot. Initially,

f) = fi Vi (6)

If content 5 was successfully transmitted to user ¢ at slot %,
the reward drops to zero to avoid future transmission(s).

Frt = F (1= al) i ™)

We predict SINR in future scheduling slots for each user using
historic channel information:

—— ) [ SINR{"
SINR; * = "
S(SINRWM

t=1to

SINR)) ¢ =ty+1,...
®)
The actual decisions (what contents to deliver {O&E;O)} and

how to allocate wireless resources sgt") }) taken at time slot

to are the decisions at the first slot obtained from the solution
of the lookahead version of optimization (5). It is trivial to
prove that the choice of decisions satisfies all the constraints
in MIP (4).

(to) _
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agy Vi, j ©

= st;“,w (10)

B. Results and Analysis

In this part, we compare our proposed scheduling system
with the traditional layered design, where the social network
applications attempt to provide users with the most rewarding
contents regardless of the status of the wireless networks,
while the wireless networks attempt to deliver the contents
with best effort regardless of the rewards of contents.

1) Simulation Setup: There are M = 30 users and N = 20
contents in the system. Reward values f;;’s are independent
and uniformly distributed in [0, 1]. Note that this is already
the largest scale within which we could obtain the optimal
solution to compare the results. Content size is independent
and uniformly distributed in [10,20] Mbits. The scheduling
time slot has length of 7' = 1s and the scheduling horizon is
Ty = 10. Each user could receive at most Ny = 1 content in
every scheduling time slot. System level parameters are shown
in Table II [4].

TABLE 11
SYSTEM LEVEL SIMULATION PARAMETERS

Value

UEs dropped with uniform density
within the macro coverage area.

Simulation Parameter |
UE distribution

Carrier frequency 2.0 GHz
Channel model Typical Urban (TU)
Inter-site distance 1500 m
Noise power spectral density -174 dBm/Hz

Macro BS transmit power
Macrocell path loss model

40 W (46 dBm)
1281+ 376 logo R

(R in km)
Macrocell shadowing model Log normal fading with std. 10 dB
Macro BS antenna gain 15 dBi

yto+ 17,
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2) Results: We simulate various instances against different
bandwidth, as shown in Fig. 2, 3. Clearly, joint optimization
outperforms the traditional system by a wide margin. The joint
optimization gain increases as the available wireless resources
decrease.

Surprisingly, one-step lookahead scheduling (whether we
use mean or max function as SINR prediction function) does
not outperform no-lookahead scheduling. Due to the extra
computation cost (it takes at least 10 times of computation
time to obtain optimization results), it is sufficient to schedule
without looking ahead.

IV. ScALING UpP

For real-world systems, the available multicast transmission
modes are limited and pre-determined. Assume the system
has K available transmission modes, and the associated data
transmission rates and minimum channel quality requirements

are Ry, and SINRY", respectively. More formally, we substitute
Shannon’s Law in the data rate function (2) with a step func-
tion (slightly abusing notation Ry = 0), denoting K available
modes with the order convention Ry 1 < Ry, SINR’,;h_ 1 <
SINR!" VE=1,... K:
K
R(SINR) = > "(Rj — Ry,—1) - u(SINR — SINR}")
k=1

Therefore, if we give up the constraints of the maximum
number of contents that are allowed to be transmitted to a user,
we could further reduce the scheduling problem to deciding
on which wireless transmission mode we use to transmit
what contents. In this way, the complexity of the problem
is significantly reduced. It would only rely on the number of
transmission modes K and contents IV, dropping the number
of users M.

For this complexity-reduction version, at slot ¢(, the reward
fi(jt“) for transmitting content j in wireless mode k is induced
from summing up all the rewards of the users that meet the
quality of service requirement of this mode.

(11

= X A (12
i:SINR{*0) >SINR P
The new scheduling formulation is thus:
‘s A (to) | £(to)
maximize DAy Sy
Y 05; gk
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J

sgtO) >0 7
The reverse mapping between system decision and decisions
for each individual user is:
olt) —

ij Z
i,§:f10>0
J:SINR " <SINR {0

ali) (14)

Apparently, this user-aggregated version of scheduling
framework only relies on N (the number of contents to
be scheduled) and K (the number of multicast transmission
modes in the system), thus it is robust against increase in
number of users in the system. However, when we relax
the constraints on the number of contents delivered to each
individual user, it is important to consider fairness among
users. The system is now evaluated on both average overall
reward delivered to each user and fairness among users.

For each user, the overall reward delivered during the
scheduling horizon [0, Ty] is calculated as:

Tu
=SS
t=1 j

(15)
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Denote the user average reward and its variation as i, o>

respectively.

= Z (16)
M
=7 (i (17
i=1
We use Jain’s fairness index [5] as fairness metric.
a2
J(H) = ———— 18
)= o (18)

where @ = (u1,...,up). The larger the fairness index, the
more fare for a scheduling result.

Fig. 4 shows the performance comparison of our proposed
scheduling framework and traditional layered design, on a full
random reward matrix. Each point in the graph represents one
simulation instance. Clearly, the joint optimization framework
is better in terms of average overall rewards delivered per user
and Jain’s fairness metric.

V. REAL-WORLD USER REWARDS

In real-world applications, the reward matrix F' = [f;]
is usually sparse due to multiple factors: (1) naturally, users
exhibit diverse interests towards different contents; (2) tech-
nically, it is extremely difficult, if not impossible, to gather
enough information about users, in order to obtain accurate
and comprehensive prediction. In our system, we do not
distinguish between unknown reward or lack of interests, by
assigning zero reward value, i.e. f;; = 0, to avoid such
transmissions (proof is trivial due to the formulation of the
optimization problem).

We further define the sparseness of the reward matrix as

follows:
_ Wi+ fiy > O}
M- N
Obviously, for full random reward matrix, P[n = 1] = 1.
In light of this observation, we need to examine the perfor-
mance of our scheduling framework on sparse real-world data
sets.

(19)
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Our empirical analysis is based on two data sets:

(1) MovieLens [6]: users’ ratings of different movies. This
data set has two sub data sets. (i) ML-1M, with sparseness of
n = 5%, number of total users 6000 and number of total
contents 4000. (i) ML-10M, with sparseness of n = 1%,
number of total users 72,000 and number of total contents
10,000.

(2) The Yahoo! Music ratings for User-Selected and Ran-
domly Selected Songs, version 1.0 data set, which is available
through the Yahoo! Webscope data sharing program. This data
set has sparseness of = 2%, number of total users 15,400
and number of total contents 1000.

A. Performance

From Fig.5 and Fig.6, it is clear that our scheduling frame-
work still works well for real-world data sets. However, as
the sparsity of reward matrix increases (7 ), the performance
gain compared to existing system diminishes. This result is
intuitive, as multicast works best only when the number of
users that are interested in the same contents is large enough.

B. Sensitivity and Saturation on Wireless Resources

In this part, we demonstrate the performance sensitivity with
respect to available wireless resource (in our system, band-
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width B). Intuitively, when the wireless resource is sufficient,
the performance solely relies on the numerical reward values
obtained from the social network, as we could deliver all the
contents. However, if the wireless resource is insufficient, the
performance of the system shall be reduced due to incapability
to deliver the contents.

We plot the user average reward against bandwidth in Fig.7
to analyze the benefits of adding more wireless resources to
the system. Fig.8 shows the performance saturation for our
joint optimization approach when the delivery demand is low
compared to the bandwidth.

VI. HYBRID SYSTEMS

Until now, we have been discussing systems that involve no
active user requests for delivery. This assumption is generally
valid for pure recommender system, in which users passively
consume contents delivered to their devices. We define this
delivery method as ‘push’ operation. However, practical sys-
tems are also required to handle active user requests within a
designated timeframe, which we define as ‘pull’ operation. The
hybrid systems shall handle both ‘push’ and ‘pull’ functions
smoothly.

Now we formally define ‘pull’ operation. The user request
g could be described using a quadruple ¢ = (to, %, J, tmax) €

N4, denoting the request originates at slot t, and demands
the system to deliver content j to user ¢ no later than ¢,,x
(deadline). Obviously, in real systems, ty < tax. We further
assert that all requests are valid, assuming all requests fulfilled
in the past shall not occur again. This assumption could easily
be implemented by serving the transmitted content(s) from
the cache of user’s device. Denote the set of new and active
requests at slot ¢ as Q°V, Qi°, respectively, Qived C Qictive
as the set of requests served and Q™ C Qe a5 the set
of requests expired at the end of the slot. Then,

Qe = {q € Qe all) = 1} (20)
:xpired _ {q c Qa;ctivc Cqu = t} (21)
Qi = (@ UQE™)\ (@ u ™) @)

with the trivial convention Qictve — (served — Qexpired _
The validity of requests is described as: Vg € Q3c", we have
to—1
q1 = to and Bq’ € U2, Q™Y st g2 = g5, g3 = 5.

The objective for ‘pull’ operation is to serve as many
requests as possible. We could write the optimization problem
for ‘pull’ system as:

Ty
maximize Z }Qiewed}
Qierved et

subject to Wy, < s((]z) R (SINRE,?) Vg € Qgred

> sW<pB.T Vit
j
s >0 Vi, t

(23)

To integrate this ‘pull’ system with the existing ‘push’

system in Section IV, we add additional reward for requests

with respect to their expiration time. Reward transition in (7)
is rewritten in part for the ‘pull’ request as:

(to+1) fij . (1 — 055;0)) 3(*71-7]-,150) c szpircd

& (ﬂ(fo) + (4, 4, to)) . (1 - ag-“)) otherwise

(24)
where the incentive function I is exclusively awarded to active
user requests:

F(iajv tO) = {

v (ta —to) (x4, 7,ta) € Q?Eﬁvevto <tq
0 otherwise
(25)

To balance between the two types of operations, we intro-
duce a ‘push’ weight coefficient A € R to configure the
bias of the hybrid system with respect to user requests, which
reduces to pure ‘push’ system (no active user requests) when
A = 0, or pure ‘pull’ system (best-effort to serve all active
user requests) when A = oo.

In this way, we seamlessly integrate the recommender sys-
tem and active user requests together to form a hybrid delivery
system that could handle both types of content delivery.
Essentially, if we did not yet schedule transmission for the
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request(s), we shall add additional reward as time goes by, to
steer the system in the direction to accomplish such requests
before deadlines.

To capture the urgency when approaching the request dead-
line, we could wisely choose the v function to reflect it. One
possible function is:

(26)

In hybrid systems, we are evaluating the performance of
both the overall user rewards delivered by the ‘push’ operation
and total served requests coming from the ‘pull’ operation.

In the simulation, new user requests are generated at the
beginning of each scheduling time slot with same expiration
time Ty.

q1=q1 + Ty, Vg (27)

The number of requests per slot follows independent and
identical uniform distribution U[0, 3]. The requests at slot ¢
are uniformly selected in random from unfulfilled set of user-
content pairs i(z, NE ﬁ(;“) > 0} so that the transmission has
not been scheduled before slot ¢g.

We plot the performance (percentage of missed ‘pull’ re-
quests and overall user rewards delivered) of our hybrid system
with scheduling horizon Ty = 120s and different deadlines
Ty in Fig.9,10 for comparison. Obviously, the larger the ‘push’
weight coefficient A, the fewer missed user requests, but the
less overall system reward.

VII. CONCLUSIONS

In this paper, we investigate a social content delivery system
given the constraints from the wireless networks. We propose
a framework that evaluates the performance of the system in
terms of overall delivered rewards. To optimize system perfor-
mance, we need to schedule contents and wireless resources
according to the solution of a MIP problem, which requires
exponential time to obtain the optimal solution. We further
reduce the complexity of the joint optimization approach to
rely only on the number of candidate contents and system
transmission modes, regardless of the number of users, by ag-
gregating user rewards at each supported transmission modes.

* % k ¥k ¥

Percentage of Missed Pull Requests

0 .
1000 1500 2000 2500
Push Reward

Fig. 10. Performance for Hybrid System (ML-1M, T; = 10)

The simulation results indicate that our joint optimization
approach provides better system performance than the tradi-
tional layered systems that schedule contents without consid-
ering constraints of wireless networks. The joint optimization
gain is significant when the resources of the wireless network
are comparatively insufficient, either due to (i) number of users
is large, and/or (ii) conditions of wireless channel are bad for
large number of users. The scheduling is also fair among users
in terms of overall rewards received by each user during the
scheduling horizon.

We also investigate the performance of a hybrid system,
by introducing additional rewards for user generated requests
(‘pull’ operation) with deadlines. This hybrid system provides
a natural way to balance the resource allocation between sug-
gested contents generated by recommender system and actual
user requests. It further proves that our joint optimization
framework is a suitable scheduling solution for social content
delivery.

Future work for this paper includes extending the discussion
to the cases with multiple cells and time-variant reward matrix.
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