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Abstract—Mobile devices such as smartphones are taking over
traditional devices for Internet access in today’s scenad, and
the near future forecast is overwhelming: by 2016, a quarter
of the world population will be using smartphones to accesshe
Internet. In this context, understanding the Quality of Experience
(QoE) of popular services in mobile devices becomes paramou
for cellular network operators, who need to offer high quality
levels to reduce the risks of customers churning for quality
dissatisfaction. In this paper we study the problem of QoE
provisioning in mobile devices, presenting the results olatined
from subjective lab tests performed for popular end-user sevices
accessed through smartphones. Our analysis addresses thepact
of access downlink bandwidth on the QoE of four different
popular services and mobile apps: Facebook, Web browsing
through Chrome, Google Maps, and WhatsApp. The study also
considers the characterization of WhatsApp QOE in a real s¢ing,
mapping the lab results to large-scale measurements condteci
in a major cellular network. The results presented in this
paper provide a sound basis for better understanding the QoE
requirements of popular services and mobile apps, as well der
dimensioning the underlying provisioning network. To the hest
of our knowledge, this is the first paper combining QoE lab-tst
results for mobile devices with large-scale measurements ian
operational cellular network.

Keywords—QoE; Mabile Networks; Smartphones;, Subjective
Lab Tests; Large-scale Measurements.

I. INTRODUCTION

differentiator between providers, but most of the timesrap
tors do not really grasp the key aspects related to QoE im thei
networks.

In this paper we claim that understanding QOE in mo-
bile devices is paramount for cellular network operators] a
present the results obtained from subjective lab test®paed
for popular end-user services accessed through smartphione
particular, we consider the following well-known applicets
in mobile devices: Facebook, Google Maps (Gmaps from now
on), Web browsing through Google Chrome, and WhatsApp.
The evaluations performed in these subjective tests censid
the impact of downlink bandwidth on end-user QoE, which
represents one of the most relevant QoS-based charadcterist
of the access network. The main contribution of our studgis t
shed light into the problem of QoE-based network provisigni
for mobile devices, offering a comprehensive analysis ef th
QoE undergone by users when the underlying access network
presents different QoS characteristics or performanceldev

The standard approach to assess the performance of net-
works and services from a QOE end-user perspective is to
conduct controlled lab experiments [16]-[18]. The key higge
of such an approach rely on the full control the experimenter
has on the overall evaluation process. Indeed, content and
context are fully known and controlled, and users are diect
briefed and observed on the spot, providing as such tangible
and solid results.

Smartphones are becoming the most typical type of device powever, lab experiments are small scale by nature, and

to access Internet today. Recent projections [2] show thahek as such the intrinsic characteristics of a more realist
by 2016, a quarter of the world population will be uUSsing scenario, in which a large population of thousands of users
smartphones to access the most popular services such @garact with the tested services. The statistical properof
YouTube, Facebook and WhatsApp. According to CiscO'Sihe traffic generated by such large populations are gegerall
global mobile data traffic forecast [1], smartphones will begiterent, thus mapping the QoE results of lab studies to the
responsible for more than three-quarters of the mobile datgg) field becomes paramount to better understand the real
traffic generated by 2019. In t_he light of these trends, tailu implications behind the obtained QoS/QoE mappings. Fer thi
network operators are becoming more and more interested {Rason, we take a step further in this direction and present a
understanding how to dlmensmr? their access networks angharacterization of the QoE of one of the tested servicethén
how to manage their customers’ traffic to capture as manyiig” by mapping the obtained results from the lab tests int
new customers as possible. In this scenario, the concept pfrge-scale measurements conducted on the cellular retwor
Quality of Experience (QOE) has the potential to become ong¢ 3 nationwide Europen operator. In particular, we focus on
of the main guiding paradigms for managing quality in caltul ¢ paradigmatic case of WhatsApp, given its high popwlarit

networks. Closely linked to the subjective perception of th_and evergrowing adoption by users with mobile devices.
end-user, QOE enables a broader, more holistic undersgndi

of the factors that influence the performance of systems, The remainder of the paper is organized as follows: Section
complementing traditional technology-centric conceptshsas |l presents an overview of the related work on QoE for web and
Quality of Service (QoS). Indeed, QOE is today an importantloud-based services, focusing on the specific case of mobil
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Figure 1. Layered QoE evaluation methodology for netwaykservices.
Table I. OPERATIONAL EXPECTED DOWNLINK BANDWIDTH VALUES
FOR DIFFERENT ACCESS TECHNOLOGIES

devices. Section Ill describes the evaluation methodology

and the experimental setup used in the QoE subjective tests. Access Technology{ Downlink Bandwidth

Section IV presents the main results of the subjective tests LTE 30 Mbps
covering the impact of the downlink bandwidth on the overall HSPA+ 15 Mbps
experience and acceptability of the end-user when acagssin
the considered applications. The particular characteoiza HSPA Mbps
of QoE in WhatsApp through large-scale measurements is UMTS 384 kbps
discussed in Section V. Finally, Section VI concludes this EDGE 160 kbps
work.
GPRS 40 kbps
Il. RELATED WORK
The study of the QOE requirements for web-based services I1l. EXPERIMENTAL METHODOLOGY

and cloud-based applications as the ones we target in this Lab test lized th h the | d uati
paper has a long list of fresh and recent references. A good -2° '€sis aré realized through the layered evaluation
survey of the QoE-based performance of mobile networkén.ethocl()l0gy er_lcteq in Figure 1. The experience of a user
when accessing many different web and cloud services i&/ith any application is conditioned by multiple features |

presented in [4]. Studies on the QOE of popular services suciuding dimensions such as technical characteristics ef th
as Facebook [3], cloud storage [6], remote virtual desktoﬁppl'c.at'on’ user pers.o_nahty and expectations, user demo
[7], and less popular but more trendy such as cloud gamingap.h'cs' device usability, and usage context among athers
[5] offer a good source of information to understand how to articularly when evaluating networking-based applarzi

manage the network for such services. The main Iimitatioihe influence of the network itself as well as its interplayhwi

of these papers when considering the analysis of perforenanc® parggl_{[l_ar aﬁ)pl'.gat'?.? _havihto be linked toblthe usfermop
in cellular networks is that the considered access deviges a'0"S: addiionally identiying those percevablé periame

not smartphones, but rather traditional laptops with reobil parameters that are most relevant to the user experience. Th

broadband connections. Standardization efforts havebaesa mapping is realized by analyzing and correlating the three

devoted to the analysis of user-based, end-to-end perfarena Itﬁye_rsﬂdepictedf i?h Figu[e 1;( theeéwork Iayetr accounts fotr K
of data applications [19], particularly targeting web-bds € infiuence ot the networ QoS parameters (e.g., networ
services. bandwidth, RTT, etc.); thepplication layer considers both

the technical characteristics (e.g., screen resolutim®ovbit-

When it comes to our specific analysis of QOE in mo-rate, web-page complexity) and the perceivable performanc
bile networks and mobile devices, references become scarc@arameters of the application (e.g., page-load times oressp
showing that there is still an important gap to fill. Authorstime, video stalling, etc.); finally, theiser layer spans the
in [13] describe a subjective QoE evaluation framework foruser subjective opinions on the evaluated application.,(e.g
mobile Android devices in a lab environment. In [14], author MOS values, acceptability, etc.). The experimental evana
study the QoE of YouTube in mobile devices through a fieldreported in this work are designed in such a way that all the
trial. Authors in [15] recently introduced Prometheus, @ a three aforementioned layers could be properly measured, at
proach to estimate QoE of mobile apps, using both passive ideast partially in the case of application layer measurdsen
network measurements and in-device measurements, agplyin

: : : - : The subjective study consists of 52 participants intengcti
gwna:jcgr;elzzlearmng techniques to obtain mappings between QOv‘%?th the aforementioned services while experiencing ki

bandwidth and access RTT profiles in the background data
Finally, WhatsApp is a very new service and its study hasonnection. Figure 2 depicts a high-level diagram of the
been so far quite limited. Some recent papers have partiallgxperimental testbed employed in the subjective testsrdidd
addressed the characterization of its traffic, includingaEQ smartphone devices are used in the study (Samsung Galaxy
perspective [12]. S4, OS Android 4.4 KitKat). Devices are connected to the
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Figure 3. QOoE in Facebook. Overall quality and acceptabftitr different Figure 4.  QoE in Web browsing (news website). Overall gyabind
downlink bandwidth configurations. A DBW of 500 kbps is nogthienough  acceptability for different downlink bandwidth configuimats. Overall quality

to reach full user satisfaction, but a DBW of 1 Mbps resultgaod overall increases in a logarithmic fashion with increasing valuethe DBW.
quality, with almost full acceptance.

and the participant downloading the video file was the one
Internet through separate WiFi access networks. The downli providing a QoE evaluation, based on the experienced time.
traffic between the different evaluated services and th&cdsv  Web browsing tasks consisted of reading and browsing thiroug
is routed through a modified version of the very well knowna popular and complex News website (http:/edition.cnrmgo
NetEm network emulator [20] so as to control the differentFinally, Gmaps tasks consisted of exploring different oiigps
access network profiles under evaluation. using the Gmaps application, in satellite view, which canes

Different constant downlink bandwidth profiles are instan-"°"¢ bandwidth.

tiated at the network emulators, ranging from 0.5 Mbps to 16 Tests were performed in a dedicated lab for subjective
Mbps. These bandwidth profiles are selected from operdtionatudies, compliant with the QoE subjective studies staislar
experience, particularly following typical operationahlves [16]-[18]. All traffic flows are captured and exported to
reported in Table | for different access network technadsegi standardpcap traces for off-line traffic analysis, using high-
(LTE, 3G/2G, etc.). This list is also complemented with @per performance Endance DAG cards. Regarding participants’
tional knowledge coming from cellular operators, colleiorg  demographics, 29 participants were female and 23 male, the
with the project which drives this work, the ACE project average age was 32 years old, with 40 participants being less
An important remark is that access RTT is kept at 10 mghan 30 years old. Around half of the participants were sitsle
when downlink bandwidth is varied, which corresponds tarneaand almost 43% were employees, and 70% of the participants
optimal performance in mobile networks (e.g., LTE). have completed university or baccalaureate studies.

Participants were instructed to perform independent tasks Regarding QoE feedback, participants were instructed to
for each of the considered applications. In the case of Faceaate theiroverall experience (rate the overall quality) according
book, participants were instructed to access the applicati to a continuous ACR Mean Opinion Score (MOS) scale [16],
with a specific user account, browse the timeline of this,userranging from “bad” (i.e., MOS = 1) to “excellent” (i.e., MOS
and browse through specific photo albums created for this 5). MOS ratings were issued by participants through a
user. In the WhatsApp tests, participants worked in couplesustom questionnaire application running on separat®ept
and exchanged specific video files of fixed size (i.e., 5 MB)which pops up immediately after a condition was tested.
Participants also provided feedback on theceptability of
1The ACE QoE project at FTW Vienna, http://ace.ftw.at/ the application, stating whether they would continue usirey
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Figure 5.  QoE in Gmaps. Overall quality and acceptability different
downlink bandwidth configurations. A DBW of 4 Mbps resultsiear optimal
QoE, and from this value on, QoE saturation already occurs.

Figure 6. QOoE in WhatsApp. Overall quality and acceptabidr different
downlink bandwidth configurations. Users tolerate WhatsApwnloads with
a good overall experience and high acceptability as lonp@®BW is above
2 Mbps, whereas bad quality is observed for a DBW of 500 kbps.

application under the corresponding conditions or not.hEac
testing session runs for a total time of two hours. Partitipa A. QoE in Facebook Mobile
were compensated with vouchers for their participationictvh ) ) )
proved to be sufficient for achieving correct involvemenitia Figure 3 reports the results obtained in the Facebook tests
tasks. for different DBW configurations, considering both (a) the
overall quality and (b) the acceptance rate. A DBW of 500
kbps is not high enough to reach full user satisfaction in
Facebook mobile for Android devices, as participants dedla

In this section we present and discuss the results obtainei fair quality with an acceptance rate of about 80%. Still, a
in the conducted tests. Constant Downlink BandWidth (DBW)DBW of 1 Mbps results in good overall quality, with almost
profiles are tested for the studied services. Facebook tisdtes full acceptance of the participants. Excellent QOE resaifts
with DBW = 0.5 Mbps, 1 Mbps, 2 Mbps, and 8 Mbps. The attained for 8 Mbps, which shows that even if a 2 Mbps
profiles for Web browsing are almost identical to those used®BW allocation is high enough to reach full acceptance (cf.
in Facebook, expect that the last condition corresponds tbigure 3), the overall experience of the user can still nreaiy
an optimal DBW = 16 Mbps. Gmaps is tested with a fully improve. These DBW thresholds are highly important for net-
logarithmic scale: 1 Mbps, 2 Mbps, 4 Mbps, 8 Mbps, and 16work dimensioning, as they allow to understand the bouedari
Mbps. Finally, the WhatsApp DBW profile takes the valuesbetween user satisfaction and over-provisioning of resesir
0.5 Mbps, 1 Mbps, 2 Mbps, 4 Mbps, and jumps to 16 MbpsVery interesting is the fact that these QOE requirements in
to verify the occurrence of QoE-saturation, which we shallterms of DBW are more restrictive than those we found in [3]
explain next. for laptops about 2 years ago, evidencing how the Facebook

i L . application has been evolving in time, becoming more ndtwor
A final remark regarding interpretation of results: the @ad esources demanding.

shall note that the maximum MOS ratings declared by the
participants are never 5 but somewhere between 4.2 and 4.8. : : :

This is a well known phenomenon in QoE studies catlathg 8 QOE in Mobile Veb Browsing

scale saturation, where users hardly employ the limit values  Figure 4 reports the overall quality and acceptability hssu
of the scale for their ratings [4]. So from now on, we shall obtained for the News website browsing tests. Note first how
consider as optimal quality a MOS score close to 4.5. the quality increases in a logarithmic fashion with inciegs

IV. QOEIN MOBILE DEVICES



values of the DBW. Good experience (MG$4) is obtained what the large population of WhatsApp users perceive of the
for a DBW of 2 Mbps, and only slight QoE differences are service in terms of quality in the real cellular network.
obtained when increasing the bandwidth to up to 16 Mbps,

going to MOS~ 4.15. Going in the DBW decreasing direction, A, \WhatsApp Measurements Description

the slowest tested condition still results in fair quali@S

~ 3.5) and high acceptance rate, close to 90%. For the analysis of WhatsApp QOoE in a real cellular
network, we conducted passive measurements at the core of
C. QoE in Gmaps Mobile a European national-wide cellular network during one week

in early 2014. The complete dataset consists of more than

Figure 5 reports the overall quality and acceptability issu 150 million WhatsApp flows. WhatsApp uses encrypted com-
obtained for the Gmaps tests. Figure 5(a) shows that a DBWhunications, thus it is not straightforward to track itsffica

of 4 Mbps results in near optimal QOE (M@$4.5), and from in the large-scale from in-network passive measuremengs. W

this value on, QoE saturation already occurs. This mearts thgollow the approach presented in [8] to unveil and filter bt
no major QOoE improvements are then obtained for additionajvhatsApp flows from the monitored traffic.

bandwidth provisioning. A DBW of 2 Mbps provides good )
quality results and almost full acceptance, but a DBW of 1 _Flows are captured at the well-known Gn interface [11],

Mbps rapidly brings Gmaps into bad user experience. using the METAWIN cellular network monitoring system [10].
To preserve user privacy, any user related data are anoagimiz
D. QOE in WhatsApp while packets’ payload is removed on the fly. Traffic flows

are continuously imported and analyzed through DBStream

Figure 6 shows the QOE results for different DBW values.[9], a data stream warehouse tailored for large-scale draffi
Users tolerate WhatsApp downloads with a good overalmonitoring applications.
experience and high acceptability as long as the DBW is
above 2 Mbps, but user experience heavily degrades for slowgs \Whatsapp QoE in the Wid
connections, resulting in very bad quality for a DBW of 500 ) )
kbps. In this case, a DBW threshold of 2 Mbps permits to  Figure 7(a) shows the QoE results for different DBW
approximately discriminate between good and bad expegiencvalues, translated into waiting times. As an analogy to ehos
Given the file size used in the tests (5 MB), there is a clearesults reported in Figure 6, the figure shows that usersatele
saturation effect after 4 Mbps, as QoE does not increase fdfansfers of up to 20s long with a good overall experience,
higher DBW values. Finally, even if the obtained results arevhereas transfers lasting more than 80s are consideredyas ve
partially biased by both the specific file size used in thestestbad quality. A threshold of about 40s permits to approxityate
and the participants task briefing, obtained results arélsim discriminate between good and bad experience.

to those we obtained in [6] for the specific case of Dropbox  rigyre 7(b) plots the Flow Size vs. the Flow Download
file sharing, suggesting that the main take aways are patgnti 1o (FDT) for the large-scale measurements dataset, donsi

more generic than expected when considering file downloadgying only flows bigger than 1MB. If we focus on the range of
either in mobile devices or in fixed ones. flows with sizes around 5MB (flagged by gray strips in Figure
7(b)), we see that while the majority of the flows have a FDT
V. WHATSAPP TRAFFIC AND QOE IN THE WILD below 40s, there are many downloads which highly exceed
We now tackle a different dimension of the QoE provi- this threshold. Indeed, Figure 7(c) shows the distributién
sioning in mobile devices problem, by taking into accountthe FDTs, both for all the flows with size between 4MB and
large-scale traffic measurements in a real cellular settig ~ SMB, as well as for all the flows bigger than 1MB. From
thousands of customers. The analysis we do next considefdese CDFs, one can say that almost 40% of the WhatsApp
only the case of WhatsApp, as a means to exemplify thélownloads with size between 4MB and 6MB have a FDT lower

application of some of the obtained results in the largéesca than 20s, resulting in good user experience. About 60% still
) _ _result in an acceptable quality, and about 35% are poténtial
So far we considered the downlink throughput as the maibadly or very badly perceived.

KPI (Key Performance Indicator) reflecting QoE. However, i .

in order to better understand the impacts of file transfer Finally, if we now assume that users are generally non
throughputs on the experience of the users downloading filegxPerts and that file sizes are not taken into account into
with WhatsApp, the next results map downlink throughputth€ir quality expectations when downloading a video or a
and file size into waiting times. Download time is in fact the SONg through WhatsApp, we could say that similar results
most relevant feature as perceived by the user when anglyzirfe observed for the complete dataset of downloaded flows

file transfers [4], as this is directly linked to anxiety and Pigger than 1MB. Of course this last observation is rather
satisfaction. controversial, but still presents some notions on the égpee

. . ] of the end users.
According to our measurements, file downloads in What-

sApp are carried on single bulk-flow transfers, thus a single VI
flow is observed for each single downloaded object (i.e., a '
videos, a photo, etc.). Therefore, the 5MB file size consider Smartphones are becoming the Internet-access devices by
in the lab tests results in a 5MB flow in the real traffic default, and more and more users are accessing the most pop-
measurements. While it is clear that the 5MB flow size reflectaillar mobile services in their phones. In this context, nekwo
only a fraction of the total flows in WhatsApp (as we see next) operators must understand how to manage and dimension their
the performed mapping permits to have some rough ideas afetworks in order to correctly provision such servicesjding

CONCLUDING REMARKS
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to improve the stability of the download times as measurethéncellular network. Users tolerate transfers of up to 20 lwith a good overall experience,

whereas transfers lasting more than 80s are considerednada® quality.

wasting additional unnecessary resources while keeping erj3]
users happy, and most importantly, reducing the chances of
churning due to quality dissatisfaction. We believe thaEQo [4]
has the potential to become the next guiding paradigm for
managing quality provisioning and applications’ design in 5]
cellular networks and mobile devices, and conducted arystuaI

shedding light in this direction. 6]

We have presented an overview on the QoE of different
services and applications with different network-level Qo [7]
requirements for the specific case of smartphone devices. Th
results presented in this paper are highly relevant to &8@ g
design and LTE evolution in better understanding the map-
ping between network performance and customer experience.
Indeed, our results are very practical and have a paramou
impact on the operation and management of mobile networks.

Finally, we have conducted a large-scale measurement

campaign in an operational cellular network and mapped th&!

lab QOE results into the obtained measurements, revediatg t
a non-negligible fraction of users might actually expecen
bad quality when using WhatsApp as a means to share files
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