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1 Abstract—The global adoption of smart phones has
raised major concerns about a potential surge in the
wireless traffic due to the excessive demand on multimedia
services. This ever increasing demand is projected to cause
significant congestions and degrade the quality of service
for network users. In this paper, we develop a proactive
caching framework that utilizes the predictability of the
mobile user behavior to offload predictable traffic through
the WiFi networks ahead of time. First, we formulate
the proactive scheduling problem with the objective of
maximizing the user-content hit ratio subject to constrains
stemming from the user behavioral models. Second, we
propose a quadratic-complexity (in the number of slots
per day) greedy, yet, high performance heuristic algorithm
that pinpoints the best download slot for each content
item to attain maximal hit ratio. We confirm the merits
of the proposed scheme based on the traces of a real
dataset leveraging a large number of smart phone users
who consistently utilized our framework for two months.

Index Terms—Content pre-fetching, behavioral models,
scheduling, traffic offloading, smart phone user traces

I. Introduction

Recently, we witness an ever increasing demand for the
wireless spectrum resulting from the exponential growth
of mobile data traffic due to the increasing penetration
of smart phones and the adoption of bandwidth intensive
multimedia applications that cater to diverse users’ needs.
This trend has been recognized as the major cause of cel-
lular networks congestion, forcing leading wireless opera-
tors around the world to consider significant additional in-
vestments in the cellular infrastructure. This trend is also
growing with the increasing number of active smart phone
devices. Moreover, the demand for mobile data will soon
globally outpace the existing network capacity. According
to [1], data and voice services in North America had similar
network loads until May 2007. This ratio has dramatically
changed ever since and it is suggested by recent reports
that mobile data traffic will increase 18-fold from 2011 to
2016 dwarfing voice services [2]. This, in turn, gives rise to
severe network congestion degrading the quality of service
(QoS) perceived by mobile users.

Handa [1] suggested three alternative approaches to
solve the cellular congestion problem, namely, (i) Scaling,
(ii) Optimization and (iii) Network offloading. Scaling to
4G/LTE networks may help overcome the congestion prob-
lem in the short-term, however, this solution remains a
temporary measure, at best. Network optimization, on

1This paper was supported by a grant from the Egyptian Na-
tional Telecommunications Regulatory Authority (NTRA) and the
Information Technology Industry Development Agency (ITIDA).

the other hand, may help relieve the congestion problem
through efficient resource utilization, yet, it is limited in
its potential. Moreover, this approach is faced with se-
rious issues including isolation of heavy data users, pri-
vacy preservation and policing users’ traffic [3]. Offloading
to secondary infrastructure provides an alternate path to
wireless delivery. This approach has been widely accepted
and, according to [4], the majority of traffic (63%) gen-
erated by smart phones, tablets and feature phones will
transfer onto the fixed network via WiFi by 2015. Since a
high percentage of mobile data consumption occurs while
indoors or in motion, data traffic can be offloaded onto
complementary fixed networks via WiFi.

This paper addresses the traffic offloading approach from
a fundamentally different perspective that is based on the
novel framework of proactive resource allocation pioneered
by El Gamal et al. [5]. This framework holds the promise
of a significant increase in the wireless network capacity
without requiring additional investments in costly infras-
tructure. The basic idea is to exploit the inherent pre-
dictability of user behavior to schedule and pre-fetch con-
tent (i.e. before demand) to ease congestion and enhance
the user experience. There has been ample evidence in the
literature pointing to the predictability of mobile user be-
havior [6], [7]. In [6], it is argued that a large portion of
the Internet users have repetitive content access patterns
over time (i.e. days), whereas, in [7], it is shown that the
human mobility is up to 93% predictable.

When contrasted to traditional ”reactive” resource allo-
cation schemes, proactive resource allocation is proven to
attain considerable cost reduction gains for network oper-
ators, service providers, and content distribution networks
[8]-[10]. These gains ultimately attribute to the smoothed
out loads and the potentially improved QoS experienced
by users. Yet, these works consider only proactive service
through cellular network resources, and do not address the
potential gains under WiFi offloading.

In this paper, we give a particular attention to proactive
service through WiFi networks. Thus, multimedia content
will be offloaded through WiFi which yields no payment at
the user end, and more relaxed network conditions at the
cellular operator. This process requires careful selection
and scheduling of new content to best fit the WiFi connec-
tivity patterns of the users while maintaining an acceptable
degree of content freshness, and battery usage.

Among popular techniques used in the literature to
solve such problems are multi-objective Evolutionary Al-
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gorithms [11] and multi-objective meta-heuristics [12].
The results obtained in [11] show that evolutionary algo-
rithms can be effectively applied to the intrinsically multi-
objective scheduling problem of large-scale space network.
Multi-objective flow shop scheduling using meta-heuristics
is discussed by Kumar [12]. The objective therein is to
minimize the weighted sum of the total weighted squared
tardiness, make span, total weighted squared earliness and
the number of tardy jobs, concurrently. Genetic algorithms
and simulated annealing were also employed to solve this
problem, and a hybrid approach has been proposed for en-
hanced performance. Unfortunately, both approaches ex-
hibit high computational complexity for resource-limited
mobile devices.

Our contribution in this paper is two-fold. Firstly, we
introduce an operative architecture for Proactive User-
centric Automatic Loading, coined PAUL, for proactive
content caching. Such a system is tested on a multitude
of users and is proven to result in considerable savings to
the cellular networks, which dominantly happen during the
peak demand hour.

Secondly, we propose and detail a greedy proactive
scheduler leveraging the developed stochastic models for
the user behavior processes of interest. The objective of
such an algorithm is to maximize the hit ratio of cached
content. It features quadratic complexity in the number of
time slots per day, which renders it practically viable.

The rest of this paper is organized as follows. Section
II overviews the overall system architecture, PAUL. After-
wards, we present the system model, formulate and solve
the proactive scheduling problem via a greedy algorithm in
Section III. In Section IV, we conduct a performance eval-
uation study with the aid of extensive simulations using
real-life smart phone traces. Finally, Section V concludes
the work and point out potential directions for future re-
search.

II. PAUL System Architecture

The ultimate objective of PAUL is to find a schedule for
pre-fetching content items, over the course of a day, before
actual user demand. The entire system hinges on develop-
ing trace-based stochastic models (profiles) for the mobile
user behavioral processes of interest, namely content con-
sumption, WiFi and battery state. Given the profiles, an
estimate of the average download data rate is computed to
estimate the success probability for content caching at a
given time slot. Using the calculated schedule, user content
can be pre-fetched and made available ahead of demand.

As illustrated in Fig. 1, PAUL consists of three major
building blocks, namely: (i) user behavior loggers residing
on the mobile device, as part of the Mobile App, (ii) trace-
based stochastic profilers modeling the user behavior and
(iii) proactive scheduler which retrieves ”predicted” con-
tent of interest before demand. The loggers are responsible
for capturing the behavior of the mobile user and device
and sending them to the cloud. The logged data, per-
taining to the demand side (content consumption) and re-
source side (average data rate and battery state), are then

Mobile Application

Send logs (Wi-Fi, Battery and
Content)

Log Manager Scheduler

Profiler

Database

Server

Save Profiles

Get User profiles

Read Logs

Save Logs

Send Schedule

Fig. 1: PAUL System Architecture

used to create representative users’ profiles. Ultimately,
the scheduler leverages the user profiles to build schedules
for content pre-fetching. The profiler and scheduler may
reside on the mobile device at the expense of consuming
computational and storage resources and battery. Hence,
they were moved to the cloud with abundant resources.

A. Logging User Behavior

This module resides on the user’s mobile phone with the
responsibility of logging the user WiFi connectivity and
data rate, the phone battery state and the content usage
behavior. The WiFi connectivity model aims at captur-
ing the visited networks, the residence time in each net-
work and the average download data rate throughout each
visit. Active Probing is employed to estimate the average
downlink data rate over the residence duration within an
access point (AP) [13], [14], [15]. We adopt active probing
to avoid wasting much bandwidth using small (100 bytes)
packets in order to minimize the incurred overhead.

The Battery State Logger is responsible for monitoring
the battery via logging the following battery events: (i)
Battery charging, (ii) Battery low and (iii) Battery OK.

The Content Usage Logger is responsible for logging the
user content consumption behavior for a number of popular
application categories. The logged data contains applica-
tion name, application category and time of request.

B. Probabilistic User Behavioral Models (Profiles)

Here aim to build a probabilistic user behavioral model
for each day of the week, based on the logged data. There-
fore, we divide the day into a number of scheduling peri-
ods (called segments) where each segment is divided into a
number of time slots with equal duration (system parame-
ter). We use the data from the logs (battery usage, average
data rate and accessed content) to generate representative
histograms, which constitute the user profile. In order to
build a probabilistic model for a physical phenomena, it is
well known from stochastic processes [16] that the sufficient
statistics for a process involves computing the joint prob-
ability of events at different time instants in order to cap-
ture the temporal correlations. This statement is generally
true for all three processes at hand. However, to reduce the
model complexity, we assume that the marginal probabil-
ity in a specific time slot is a sufficient statistic for the data
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rate and battery state processes. This implies no temporal
correlations are captured for these two processes. On the
other hand, the content usage process is assumed to cap-
ture short-term temporal correlations, manifested through
the successive download states from the same category over
a sequence of time slots. This short-term correlation is
intuitive since a typical user goes through a sequence of
download events upon visiting a content category of inter-
est.

Furthermore, the above mentioned processes generally
exhibit correlations among themselves. Based on intuition,
we assume that the battery state and data rate processes
are correlated. This can be illustrated with the aid of an
example. A user on the go, with limited or no available
WiFi access, will most probably have a Low Battery state.
On the other hand, a charging, or a fully charged bat-
tery state, would have higher probability of having a stable
WiFi connectivity. This correlation is the prime motiva-
tion for introducing a joint WiFi and Battery state model
in this paper. In order to simplify the model, the content
usage process is assumed to be uncorrelated to the data
rate and battery state processes.

The joint data rate-battery model captures the user’s re-
source availability. As illustrated earlier, the battery log-
ger periodically logs the state of the battery and lists it
in terms of the following three states: Charging, OK and
Low. On the other hand, the WiFi model provides a break-
down of the probability of a certain WiFi data rate during
the slot. We assume that the available download rate can
be divided into the following five data rate bins in kbps
e.g., 0-20, 20-40, 40-60, 60-80, > 80. Thus, the modeler
creates histograms for the battery and bandwidth with 15
different states (3 battery states * 5 data rate states). For
each slot, the probability that the state is (”Charging”,
”OK”, ”Low”x”0-20”, ”20-40”, ”40-60”, ”60-80”, ”> 80”)
is computed from the logs. The probability of a given state
𝑠 is simply the ratio of time spent in that state over the
entire segment duration.

The Content Usage Profile models the user’s content
demand. The content usage logger periodically logs the
content (application) requests and lists them in terms of
the Application Categories. Afterwards, the content usage
modeling generates a histogram profile for a given user.
We assume that the system can retrieve one content item
per slot and that we have 𝑀 applications categories. The
content usage logs are used to determine the probability
of consuming any of the 𝑀 categories accessed by a given
user. Generally, different users may have different values of
𝑀 , however,𝑀 is fixed for a given user in a single time slot.
The content usage profiler computes the probability of re-
questing each application category (Content State) within
a specific time slot by dividing the number of requests for
each content item by the total number retrievals over a
pre-specified period of time.

C. Proactive Scheduler

The proposed proactive scheduling algorithm is the cen-
terpiece of PAUL and constitutes a major contribution of

this paper and, hence, is presented in details in the next
section.

III. Proactive Content Scheduler

Given the probabilistic, trace-based user behavioral pro-
files constructed in Section II, the proposed proactive con-
tent scheduler leverages the inherent predictability of mo-
bile users behaviors, along with the increasing capabilities
of smart phones, to meet the ever growing demand for the
limited, non-renewable wireless spectrum. The resulting
scheduler is envisioned to deliver content before demand
that allows not only off-peak data offloading but also en-
hanced user experience. It also improves network resource
utilization by offloading across time and/or secondary net-
works (WiFi).

A. System Model

The scheduling scope is specified as one day as we as-
sume one segment per day throughout the paper. For any
day of the week, a schedule is generated based on the con-
structed probabilistic model for that day. 𝑟𝑖 and 𝑏𝑖 denote
the average download rate and battery state in slot 𝑖, re-
spectively. The system accommodates 𝑀 different types
of content items (application categories). A day is divided
into a number of slots with fixed duration, denoted, 𝐷.
Slot duration is the same, and fixed, throughout construct-
ing the behavioral models and scheduling. A single day is
split into 𝑁 slots where 𝑁 = 24∗60

𝐷(𝑚𝑖𝑛𝑠) . We assume that

a single content item, at maximum, can be retrieved in a
single slot. Notice that no content items are retrieved, in a
particular slot, due to the lack of connectivity and/or bat-
tery resources or violation of content freshness constraints.
A scheduling policy, i.e. the slot-content item assignment,
for the 𝑁 slots is modeled by the vector �⃗� as follows

�⃗� = [𝐶1
𝑖 , 𝐶

2
𝑗 ....𝐶

𝑁
𝑘 ]

where 𝐶𝑛
𝑖 represents retrieving content item of type 𝑖 in

slot 𝑛 and 1≤ 𝑖, 𝑗,𝑘 ≤𝑀 .

B. Problem Formulation and Complexity

Our prime objective in this paper is to schedule content
item downloads, over the course of a day, in order to maxi-
mize the probability of the user having the content cached
before demand, subject to data rate, battery and content
freshness constraints.

Given a number of content items 𝑚 ≤ 𝑁 that are con-
sumed by an arbitrary mobile user over the course of a
day at time instants, 𝑐𝑗 , where 1 ≤ 𝑗 ≤ 𝑚, the optimal
proactive scheduler aims at maximizing the content hit ra-
tio (𝐻) subject to the average download data rate and
battery state profiles, along with freshness, constraints as
follows

max
�⃗�
𝐻 (1)

s.t. 𝐾𝑖 ∈ {0, 1}, 1 ≤ 𝑖 ≤ 𝑁
𝐾𝑖 = 1− [1(𝑃 (𝑟𝑖 < 𝜌) ≥ 𝛼) ∨ 1(𝑃 (𝑏𝑖 = 𝐿𝑜𝑤) ≥ 𝛽)]

𝑐𝑗 − 𝑛𝑗 ≤ 𝑓, 1 ≤ 𝑗 ≤ 𝑚
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where ∨ is the logical OR operator and 𝐻 is the content
item hit ratio for one segment defined as the percentage of
content items retrieved before the user consumption time,
where item 𝑗 is retrieved in slot 𝑛𝑗 , that is,

𝐻 =

𝑚∑

𝑗=1

1(𝑛𝑗 < ⌊𝑐𝑗⌋)
𝑚

≤ 1 (2)

and �⃗� represents the content item-slot assignment policy
over the span of one segment, 𝑏𝑖 is the battery state in
slot 𝑖, 𝑟𝑖 is the average download data rate probed in slot
𝑖, 𝜌 is a system parameter indicating the minimum data
rate that allows downloading a single item per slot, 𝐾𝑖 is
the number of items that can be retrieved per slot and
𝑓 is a freshness threshold, measured in number of slots.
Evidently, 𝜌 is dictated by the maximum item size and
slot duration. The first constraint captures the case of no
retrieval in slot 𝑖 due to the lack of data rate and/or battery
resources. 𝛼 and 𝛽 are probability thresholds that can be
tuned for each user and application consumption portfolio.
Per the system model, the second constraint asserts that
one item can be retrieved per slot at maximum. The third
is a content freshness constraint.

Evidently, the optimization problem in (1) is combina-
torial and, hence, the optimal scheduler has to examine
all ∣�⃗�∣ = (𝑀 + 1)𝑁 combinations where 𝑀 is the number
of application categories of interest and 𝑁 is the number
of slots per day. This, in turn, gives rise to exponential
complexity of the optimal policy with the number of slots,
which makes the optimal prohibitively complex and prac-
tically infeasible. This motivates us to explore a simple,
greedy proactive scheduler, with only quadratic complex-
ity. Interestingly, it considerably outperforms the baseline
simulated annealing scheduler.

C. Greedy, Quadratic-Complexity Scheduler

The proposed greedy, proactive scheduler hinges on two
important notions, namely Reward and Utility. The Re-
ward captures the benefit of assigning a content item (Ap-
plication Category) to a given slot and the Utility captures
the feasibility of retrieving this content item in a slot based
on the availability of battery and WiFi connectivity re-
sources. Next, we give a detailed description of the greedy
proactive scheduler.

As indicated earlier, the day is divided into a number of
slots with fixed slot duration, 𝐷, which is the same time
unit used for building the user models in Section II.B. The
proposed scheduler proceeds through 𝑁 rounds, where a
content item is assigned to one of the𝑁 slots in each round.
Each round consists of two major steps, one for computing
the Reward and another for the Utility. First, the proactive
scheduler assigns the maximum Reward content item to
each slot of the day. The Reward for each content item in
a given slot depends on the probability of consuming this
item over successive slots within a freshness window, 𝑊 .
In essence, we assign the content item to a slot based on
the highest probability of being requested over the next 𝑊
slots. The content item with maximum Reward is selected
as a candidate for this slot. Accordingly, the Reward, 𝑅, of

Algorithm 1 Greedy Proactive Scheduler

READ Content Profiles
READ Battery and WiFi Profiles
while 𝑈𝑛𝑠𝑐ℎ𝑒𝑑𝑢𝑙𝑒𝑑𝑆𝑙𝑜𝑡𝑠 > 0 do
𝑖= 0
while 𝑖 < 𝑁 do
𝑗 = 0
while 𝑗 <𝑀 do

CALCULATE Application Content Reward
SAVE Application with maximum Reward
𝑗+ +

end while
CALCULATE Slot Utility
SAVE Slot with maximum Utility
𝑖+ +

end while
Schedule Slot with maximum Utility
UPDATE Content Profile
𝑈𝑛𝑠𝑐ℎ𝑒𝑑𝑢𝑙𝑒𝑑𝑆𝑙𝑜𝑡𝑠−−

end while

retrieving a content item, 𝐶𝑗 , in a specific slot, 𝑛, is given
by

𝑅(𝐶𝑗 , 𝑛) =

𝑊∑

𝑖=𝑛+1

𝐹 (𝑖, 𝐶𝑗), 1 ≤ 𝑗 ≤𝑀 (3)

Thus, 𝑅(𝐶𝑗 , 𝑛) is determined by summing the profile
values 𝐹 (𝑖,𝐶𝑗), i.e. probabilities of the selected content
items, over all slots following slot 𝑛 and within a window
size, 𝑊 , which constitutes a parameter of the system and
represents item “freshness”. Next, we determine the con-
tent item candidate with the maximum reward in slot 𝑛,
that is,

𝑀𝑎𝑥(𝑅(𝑛)) = max
𝑗
𝑅(𝐶𝑗 , 𝑛) (4)

In the second step of one algorithm round, the Utility 𝑈
of a given slot 𝑛 having a maximum Reward 𝑀𝑎𝑥(𝑅(𝑛))
is given by

𝑈(𝑛) = 𝑆(𝑛).𝑀𝑎𝑥(𝑅(𝑛)) (5)

The slot utility incorporates the resource availability
side, captured by 𝑆(𝑛), along with the content side, cap-
tured by the maximum Reward, 𝑀𝑎𝑥(𝑅(𝑛)). The success
probability, 𝑆(𝑛), is the probability of successfully retriev-
ing an item in slot 𝑛 and is defined as the probability that
the average data rate and Battery state, at slot 𝑛, exceed
pre-specified levels necessary for successful item retrieval
over a slot. These levels were chosen to be in an ”OK” or
a ”Charging” battery state and a data rate higher than 20
kbps. The slot with maximum Utility is assigned to the
max Reward content item in this round and is removed
from the current unscheduled slots list. This indicates the
completion of one round of the algorithm.

The content item profiles are then updated based on the
content item assigned to the scheduled slot. The profile
values for the scheduled content item are decreased within
a window just after the current slot. This update reflects
the fact that a content item has just been scheduled and
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would be fresh to use for a given window of time. The
whole process is then repeated, iteratively, for all 𝑁 slots
in the segment (day).

For the proposed greedy scheduler algorithm, it is evi-
dent that in each round an assignment decision is taken
for one slot. Hence, the number of algorithm rounds grows
linearly with 𝑁 . Thus, the computational complexity 𝐶𝐶
of the proposed greedy scheduler is given by

𝐶𝐶𝑔𝑟𝑒𝑒𝑑𝑦 = 𝑂(𝑁.𝑣) (6)

where 𝑣 is the number of computations per round, that is
the sum of number of computations in the Reward, 𝑅 step
in (6) and the number of computations in the Utility, 𝑈 ,
step is as follows

𝑣 = 𝑂(𝑀.𝑁) +𝑂(𝑁) (7)

Based on the above scaling behaviors, it is straightforward
to establish the following complexity result for the PAUL
scheduler

𝐶𝐶𝑔𝑟𝑒𝑒𝑑𝑦 = 𝑁 ∗ [𝑂(𝑀.𝑁) +𝑂(𝑁)] (8)

= 𝑂(𝑀.𝑁2) (9)

Thus, we conclude that the greedy PAUL scheduler has
only quadratic scaling behavior, with the number of slots
per day, 𝑁 , as opposed to exponential scaling behavior for
the optimal scheduler. This renders the greedy scheduler
a viable approach on smart phone and portable computing
devices.

IV. Performance Evaluation

In this section we quantify the performance of the pro-
posed PAUL system. First, we demonstrate the data sav-
ing gains which capture the amount of cellular network
traffic that is effectively offloaded via PAUL over the WiFi
networks. Then, we compare the hit ratio performance of
the proposed greedy algorithm with a baseline simulated
annealing (SA) scheme to expose its relative performance
merits.

A. Performance of Data Savings

We consider the amount of data cached via PAUL on
WiFi and consumed later on under no WiFi connectiv-
ity as savings. In particular, without PAUL, this data
would have been consumed via the cellular network at a
price paid by the user and a potential of low QoS due to
buffering delays. Moreover, these savings also are consid-
ered beneficial for the cellular network operators since they
eventually reduce the excessive peak hour demand on the
network resources.

The results we present here are based on a real dataset
collected from 777 users who have been using PAUL in the
two months of May and June 2013. The users are located
all over the world.

Fig. 2 illustrates the monthly data savings attained via
PAUL. The savings frequency for all users in Fig. 2a re-
veals that more than 43% of all users save at least 1 GB of
data. These savings are mainly concentrated in the period

0 1 2 3 4 5 6
0

10

20

30

40

50

60

Amount of data (GB)

P
er

ce
nt

ag
e 

of
 u

se
rs

 (
%

)

(a) All users.

0 2 4 6 8 10 12 14 16 18 20 22
0

0.1

0.2

0.3

0.4

0.5

A
ve

ra
ge

 a
m

ou
nt

 o
f m

on
th

ly
 s

av
in

gs
 (

G
B

)

Hour of the day

(b) All users.

0 1 2 3 4 5 6
0

10

20

30

40

50

60

Amount of data (GB)

P
er

ce
nt

ag
e 

of
 u

se
rs

 (
%

)
(c) US users.

0 2 4 6 8 10 12 14 16 18 20 22
0

0.1

0.2

0.3

0.4

0.5

A
ve

ra
ge

 a
m

ou
nt

 o
f m

on
th

ly
 s

av
in

gs
 (

G
B

)

Hour of the day

(d) US users.

0 1 2 3 4 5 6
0

10

20

30

40

50

60

Amount of data (GB)

P
er

ce
nt

ag
e 

of
 u

se
rs

 (
%

)
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(f) Egypt users.

Fig. 2: Left figures (a), (c) and (e) depict the frequency
of monthly savings, whereas right figures (b), (d) and (f)
depict the distribution of monthly savings for an average
user over the day.

of peak demand (from 10 a.m. to 10 p.m. [17]) as shown
in Fig. 2b. Thus, it can be noted that PAUL yields a
reduction of the total peak-hour load at the network op-
erators. Not only does this reduction improve the QoS for
PAUL users, but also it extends to non-PAUL users who
will eventually witness lower congestion levels.

Figs. 2c, 2e compare the monthly savings frequency for
the US and Egypt users. The relatively higher availability
of WiFi coverage in the US yields a less percentage of users
who save more than 1 GB as compared to Egypt. On the
other hand, the savings during the lunch break in the US
(from 12 p.m. to 1 p.m.) are remarkably larger than the
savings at any period of the day both in the US and Egypt,
as clarified in Figs. 2d, 2f.

B. Evaluation of the Greedy Algorithm

The baseline scheduler: is implemented to compare
the results with the proposed greedy scheduling algorithm.
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TABLE I: System Parameters

Parameter Definition Value
𝑁 Number of slots per segment 48
𝑀 Number of application categories 10
𝑊 Window size (slots) 6
𝑆 Item size (MB) 25
𝑆𝐶 Cache size (MB) 250

SA [18] is a metaheuristic used for optimization of large
search space problems, like the problem at hand. The
probabilistic nature of this technique makes it more effi-
cient than exhaustive search in solving certain problems
that require finding a good solution rather than the opti-
mal solution.

The main procedure of SA is to probabilistically decide
which path between states shall be selected to move the
whole system to a state of lower energy (analogous to a
physical system state). At each step, the system moves to
a neighboring state if a lower energy state can be achieved.
Otherwise, the system remains in the current state. Dif-
ferent states are generated by altering given states, and a
termination condition need to be satisfied to reach a pre-
specified ”satisfactory” condition.

In our problem context, a random list of tasks is gener-
ated, i.e. assignment of content items to slots. The Utility
of the schedule is calculated as shown before using the
notion of Reward and the built user profiles. The total
schedule utility is calculated by summing the utility of all
assigned slots. In each iteration, a new randomized sched-
ule is generated and selected if it has a higher total utility
value than the previous schedule. This is repeated for the
𝑁 times (the stopping condition).

Relative performance gains: Table I includes the
numerical values of the PAUL system parameters used in
our performance evaluation study. For all shown results,
we assume the segment length is one day. We utilize the
smart phone traces collected by Rice university LiveLab
project [19], [20]. LiveLab is a methodology to measure
real-world smart phone usage and wireless networks with a
re-programmable, in-device, logger designed for long-term
user studies. LiveLab was deployed for a number of iPhone
3GS users. This includes 24 Rice University students from
February 2010 to February 2011, and 10 Houston Com-
munity College students from September 2010 to February
2011. While LiveLab logs a variety of measurements, for
the sake of our system evaluation, we only use the ap-
plication usage data, associated WiFi and data rate, and
battery level data.

It is worth mentioning that some preprocessing on the
data to fit our system has been performed. For the appli-
cation data, we measured the user application usage fre-
quency and duration and selected a set of applications to
work with (CNN, ESPN, YouTube, Facebook, Twitter and
LastFM) after removing the applications related to the OS
and games. We focus on this set of application categories
due to their popularity and widespread. For the associated
WiFi data, we summarized the entries into a set of WiFi

TABLE II: Overall performance of the scheduling algo-
rithm compared to the baseline scheduler for all users

Performance metric Greedy SA

Hit ratio 42 % ± 19% 28 % ± 17%

Cache utilization 64 % ± 12% 31% ± 15%

Time in cache 98.33 mins ± 25 121.58 mins ± 35

enter/exit entries. For the battery usage data, we worked
on both the connectivity data and battery level data. We
combined both data and processed them to get the entries
representing the required battery activities (battery OK,
low, and charging). Finally, we put all the processed appli-
cation, WiFi and battery data into the format required by
our user behavioral modeler to generate the user profiles
needed by the scheduler.

We implemented the greedy and baseline SA scheduler,
using the system parameters in Table I for 25 users. This
set was selected out of the 34 users available from the Live-
Lab data due to the availability of sufficient WiFi, battery
and content logs over a sufficient period of time. Data was
divided to a training set of 5 weeks and a testing set. A
day was randomly picked from the available traces as the
testing day and the previous 5 weeks were used for building
the user behavioral models.

Table II outlines the performance results for all 25 users.
These results show that an average value of 42% hit ratio
can be achieved using the implemented greedy schedule. A
maximum of 80% was achievable. The average cache uti-
lization was found to be 64%. The time in cache value was
measured to be the average time difference (in minutes)
between the request time and the time of caching. This
indicates how long the item resided in the memory before
actually being consumed by the user. An average of hour
and half is a satisfying result given that most of the cached
items are videos. This value indicates that caching hap-
pens relatively just before consumption and not so soon
to keep content as fresh as possible. It is worth mention-
ing that while the utilization of the cache reaches 100%
in some cases, the memory resources were generally under
utilized. This, in turn, motivates the quest for the opti-
mal cache size for PAUL, which lies out of the scope of
this work. The results also show that the greedy scheduler
outperforms the SA w.r.t. the average hit ratio by 33%,
and yields a higher cache utilization as well as lower time
in cache per item.

Our scheduling algorithm would intuitively perform bet-
ter in a resource abundant environment due to the WiFi
availability and good battery conditions. To get further in-
sights, users were classified into two main groups: Resource
abundant (RA) users, and resource challenged (RC) users.
Based on this classification, TableIII outlines the results
using the proposed greedy algorithm and previously used
system parameters.

The results confirm that our proactive scheduler yields
a higher hit ratio (roughly doubled) in an RA environment
as opposed to a RC one. The cache utilization is intuitively
better since more items are cached in a RA environment.
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TABLE III: Results on different user classifications, RA
and RC

Performance metric RA RC

Hit ratio 63 % ± 9 % 27 % ± 7 %

Cache utilization 90 % ± 4 % 38% ± 11%

Time in cache 94.13 mins ± 19 72.33 mins ± 24

The time in cache, on the other hand, has a relatively
lower value in the RC environment due to the fact that
fewer number of items are cached (i.e. less competition),
so the probability of caching it just before consumption is
high.

Fig. 3a compares the hit ratio performance of the pro-
posed greedy algorithm and SA. Different users have dif-
ferent behaviors concerning their available resource and
demand behavior. This is obviously captured by having
different hit ratio values for different users. User A10, for
instance, had more resources (WiFi and battery) compared
to user A04 which had a direct effect on the hit ratio, giv-
ing a higher value to the user with higher download data
rate, on the average. The figure also shows that our greedy
scheduling algorithm outperforms the SA in most of the
cases by about 30%.

Fig. 3b quantifies the hit ratio while changing the slot
duration, 𝐷. Users B08, B09 and B11 (as labeled in the
LiveLab traces) had a higher hit ratio with smaller slot du-
ration, while A04 experienced lower hit ratio with smaller
period. This is due to the the sparse content demand and
resources availability of A04 traces, as opposed to the other
three users. This resource challenging environment is ob-
served to perform better in a larger slot duration and less
scheduling items. The reason behind this is due to the fact
that a larger slot period, yields less items to cache, giving
a higher probability to more important items than over-
whelming the schedule with lots of items to cache as in the
case of shorter slot period.
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Fig. 3: Hit ratio performance: (a) comparison with SA, (b) effect
of different slot size.

V. Conclusion

This paper addresses the aggravating congestion prob-
lem threatening cellular networks due to the excessive de-
mand on multimedia applications. We propose a novel ap-
proach that pre-fetches multimedia content to mobile users
before demand so as to ease the network congestion and

enhance the user’s quality of experience. The proposed sys-
tem and proactive scheduler hinge upon constructing user
behavioral models for content consumption, data rate, and
battery level patterns. Due to the sheer complexity of the
optimal scheduler, we developed a low-complexity greedy
scheduler showing performance merits. When tested on a
real dataset of 777 users, the developed framework yields
significant data savings. These are successfully offloaded
over WiFi and consumed under no WiFi connectivity. In
particular, more than 43% of the users save at least 1 GB
per month. Such a demand reduction on the cellular net-
work renders the network conditions less strained at the
peak hour. Moreover, the proposed greedy algorithm out-
performs the baseline simulated annealing by 33%, on the
average. The proposed scheduler can fulfill the users’ re-
quests with a high percentage (up to 70%) using real-life
smart phone traces.

References
[1] A. Handa, Mobile Data Offload for 3G Networks, Intellinet-

Technology 2009: Whitepaper.
[2] Cisco Technical Report Cisco Visual Networking In-

dex, White Paper, Feburary 2012, available online at
http://www.cisco.com/en/US/solutions/collateral/ns341/
ns525/ns537/ns705/ns827/white paper c11-520862.pdf.

[3] K. Lee, I. Rhee, Mobile Data Offloading: How Much Can WiFi
Deliver, SIGCOMM 2010: 10th Annual SIGCOMM Conference on
Computer and Data Communication Networks.

[4] Juniper Research, Relief Ahead for Mobile Data Net-
works as 63% of Traffic to Move onto Fixed Networks
Via WiFi and Femtocells by 2015, April 2011, online at
http://juniperresearch.com/viewpressrelease.php?pr=240.

[5] H. El Gamal, J. Tadrous, A. Eryilmaz, Proactive Resource Allo-
cation: Turning Predictable Behavior into Spectral Gain, Allerton
2010 : 48th Annual Allerton Conference on Communication, Control,
and Computing.

[6] D. Larrabeiti, R. Romeral, M. Uruea, A. Azcorr, P. Serrano, Charging
for Web Content Pre-fetching in 3G Networks, ICQT 2004 : 4th
International Workshop on Internet Charging and QoS Technology.

[7] C. Song, Z. Qu, N. Blumm, A. Barabas, Limits of predictability in
human mobility, Science, vol. 327, pp. 1018-1021, Feb. 2010.

[8] J. Tadrous, A. Eryilmaz, H. El Gamal, Proactive data
download and user demand shaping for data networks,
http://arxiv.org/abs/1304.5745

[9] J. Tadrous, A. Eryilmaz, H. El Gamal, Proactive content distribution
for dynamic content, to appear, the IEEE International Symposium
on Information Theory (ISIT), July 2013.

[10] J. Tadrous, A. Eryilmaz, H. El Gamal, Pricing for demand shaping
and proactive download in smart data networks, IEEE INFOCOM
2013, vol., no., pp.3189,3194, 14-19 April 2013.

[11] M. Johnston, An Evolutionary Algorithm Approach to Multi-
Objective Scheduling of Space Network Communications, IASC:
2008: Intelligent Automation and Soft Computing.

[12] A. Kumar, Multi-Objective Flow Shop Scheduling Using Meta-
heuristics, PHD thesis in Mechanical Engineering.

[13] H. Lee, V. Hail, K. Yum, E. Kim, Bandwidth Estimation in Wire-
less Lans for Multimedia Streaming Services, 2007: Hindawi Journal
on Advances in Multimedis.

[14] K. Lakshminarayanan, V. Padmanabhan, J. Padhye, Bandwidth Es-
timation in Broadband Access Networks, IMC: 2004: ACM Internet
Measurement Conference.

[15] S. Shah, K. Chen, K. Nahrstedt, Dynamic Bandwidth Management
in Single-Hop Ad Hoc Wireless Networks, 2005: Kluwer Academic
Publishers MONET.

[16] A. Garcia, Probability, Statistics, and Random Processes For Elec-
trical Engineering, 2008: 3rd. Ed. Prentice Hall.

[17] http://oss.oetiker.ch/rrdtool/gallery/index.en.html
[18] B. Suman, P. Kumar, A survey of simulated annealing as a tool

for single and multiobjective optimization, 2006: Journal of the
Operational Research Society.

[19] C. Shepard, A. Rahmati, C. Tossell, L. Zhong, P. Kortum, Live-
Lab: measuring wireless networks and smartphone users in the
field, 2010: ACM SIGMETRICS Perform.

[20] Z. Wang, F. Xiaozhu Lin, L. Zhong, M. Chishtie, How far can
client-only solutions go for mobile browser speed?, 2012: Int. World
Wide Web Conf.

IEEE ICC 2014 - Mobile and Wireless Networking Symposium

2854



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /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 /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /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 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /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 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


