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Motivation: 
Why understanding 
people is critical
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Understanding users is a top 3 reason 
for failure/success of ICT projects
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[Miettinen et al. 2011]



Design of technology is central to well-
being and ergonomics
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Poor design is a cause of death
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Reduce complexity
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Impact a large number of people

19.11.2019
7



Legal responsibility
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Humans are beyond intuition

Can you read this?
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Aoccdrnig to  rscheearch at Cmabrigde Uinervtisy, it 
deosn't mttaer in waht oredr the ltteers in a wrod are, 
the olny iprmoetnt tihng is taht the frist and lsat ltteer
be at the rghit pclae. The rset can be a total mses and 
you can sitll raed it wouthit porbelm. Tihs is bcuseae
the huamn mnid deos not raed ervey lteter by istlef, 
but the wrod as a wlohe.



Many sources of individual differences

Anatomical
Physiological

Perceptual
Attentional

Motoric
Cognitive

Motivational
Learning styles

Social
Cultural



Why study human factors?

1. Increase efficiency, enjoyability, and robustness of technology
2. Avoid catastrophies and loss of life
3. Proofs and guarantees for designs
4. Boost user-centered design processes
5. Reduce design time of interfaces
6. Harness new technologies quicker



Human-
centredness
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Human factors engineering
Human Factors in design:
Design for the human/system 
interface and account for both 
cognitive and physical limits

Key Measures/Goals
Improve effectiveness 
Improve efficiency
Improve safety
Improve satisfaction
Improve experience
Decrease errors 
Reduce fatigue
Reduce the learning curve
Ensure operability and usability
Meet user’s needs and wants
Positive perception of product



A multi-disciplinary perspective
Human Factors engineering 
• Integrates human considerations within the system 

development process 
• A comprehensive, multidisciplinary, technical and 

management process
• Ensures that the human contribution toward system 

performance is consistently addressed throughout the 
system life cycle

NOTE: Not a natural science; not at the level of mature fields of 
engineering design. Only partial solutions can be derived from models 
and theories



A disciplined approach to how 
technology is designed for humans
Understanding: Basics of human performance, error, 
behavior and experience
Analysis: Best solution for given problem; solutions with 
desirable properties
Quality guarantees: By standards, empirical testing, 
software testing
Insight: Facilitating idea-generation



Human-centred design process

Define Context Specify Requirements

Create DesignEvaluate Design

Design Complete

Identify Need

There are 4 fundamental steps to the process:
• Define the context of use: what are the tasks or objectives associated with the design.
• Specify requirements:  what expectations or requirements must the design 

accommodate
• Create design solutions: prototyping, rendering, mockup building
• Evaluate designs: modeling, usability testing, and ergonomic assessment

NASA Human Factors



Who and what do 
you engineer for?
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Quality of 
Experience
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QoS vs. QoE
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Error rate
Bit rate
Throughput
Delay
Availability
Access time
Jitter

No one-to-one mapping to 
quality of experience. 

Multiple mediating factors 
need to be considered



Q: What aspects of QoS are most 
important for Pokémon Go players?
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QoS mechanisms
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QoS Mechanisms or
Possible technical actions

Action
Level

Serve 
immediately

Serve later Change the status 
(marking)

Limit the size Reject

Subscriber Accept SIM - Change service 
class

Change access 
rate or
data volume

Deny access 
right

Device Connect 
device

- Change priority Change access 
rate

Disconnect 
device

Aggregate Establish a 
path

Pre-schedule a 
path

Change priority Change maxi-
mum rate

Terminate a 
path

Connection Accept the 
call

Put call in waiting 
queue 

Change priority Change 
maximum rate

Reject call 
attempt

Packet Transmit 
packet

Put packet in a 
queue

Change type of 
service marking

- Drop packet



What is ‘experience’?

Experience is
• ineffable
• intrinsic
• private
• directly apprehensible 

“Experiencing is the individual stream of 
perceptions (of feelings, sensory  
percepts and concepts) that occurs in a 
particular situation of reference”



Quality of Experience (QoE)

1. 2001: The term QoE introduced
Moorsel, A.V.: Metrics for the internet age: Quality of experience and quality of 
business. Tech. rep., 5th Performability Workshop (2001)

2. The field diversifies
• Each service developes its own QoE
• Voice, Audio, Video, Web services, ...

3. A standard emerges
• The ITU-T SG12 definition
• ”The overall acceptability of an application or service, as perceived subjectively by the end user.” Most 

importantly, this ”Includes the complete end-to-end system effects” and ”May be influenced by user 
expectations and context.” 

• ”degree of delight or annoyance of the user of an application or service”(cf. [17]) 
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Factors affecting QoE
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Fig. 1. QoE influence factors belonging to context, human user and the technical sys-
tem itself

service. It results from the fulfillment of his or her expectations with respect to
the utility and / or enjoyment of the application or service in the light of the
users personality and current state”. It thus advances the ITU-T definition by
going beyond merely binary acceptability and by emphasizing the importance of
both, pragmatic (utility) and hedonic (enjoyment) aspects of quality judgment
formation5. In addition to QoE influence factors, the paper also highlights the
importance of QoE features, i.e. recognized characteristics of the individual’s
experience that contribute to service quality perception. These features can be
classified on four levels: direct perception (e.g. colour, sharpness, noisiness), in-
teraction (e.g. responsiveness, conversation effectiveness), usage situation (e.g.
acessibility, stability), and service (e.g. usability, usefulness, joy). These features
can be represented in a multi-dimensional space and are not necessarily inde-
pendent of each other. Within this framework, QoE can then be expressed as a
vector of distances (either to the origin or to some ideal reference point) formed
under the constraint of the aforementioned QoE influence factors[17].

2.2 QoE Assessment

Similar to QoS, the central question for QoE research and engineering is how to
operationalize the concept in terms of performing reliable, valid, and objective
measurements. This challenge is framed by the overarching question ’How can
we quantify quality and how can we measure it?’ Since inclusion of the human
end-user’s perspective is the defining aspect of QoE, conducting measurements
merely on a technical level (e.g. by just assessing conventional end-to-end QoS
integrity parameters) is not sufficient. In particular, QoE also accounts for user

5 The definitions of the terms used as well as further details can be found in the QoE
definition whitepaper[17] itself.

QoE is not only affected by QoS

Raake et al. Quality of Experience



Motivation
19.11.2019
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Key aspects of our daily activities are 
network-mediated

Video conferencing Online gaming

Web browsing Watching videos Messaging

Maps and navigation



New interactive cloud applications: 
Foveated cloud gaming



Safety critical activities mediated by 
networks
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We need to know how to trade off 
network qualities
Example: streaming video quality vs. audio quality
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Network-related uses highly frustrating
Lazar et al. 2006



QoE Management

1: Measurement
Measure user experience and satisfaction

2: Provisioning
Improve system design & performance to improve users’ experience
• Offer high quality services 
• Increase customer loyalty
• Profitability



Research trends
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QoS & QoE Research

IEEE Xplore database
papers with QoS / QoE in abstract
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Contents today

1. Measurement (MOS)
2. Modeling
3. QoE Management
4. Beyond QoE
5. Conclusion
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Mean Opinion 
Score (MOS)
Scale development





How wines were/are rated

Experts

Expert panels

Standardized 
sensory analysis



Mean Opinion Score: 
Measurement of Subjective Quality



Mean Opinion Score (MOS)
A subjective construct measured with a self-report scale (1-5)
Developed for telephony networks but used more broadly
Experiment: Noise levels and room size controlled
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Recommendation P.800     (08/96) 15

also important. It is advisable to record the longest groups that may be needed, as it is always
possible to obtain shorter groups by copying or replaying parts of longer ones.

Groups are combined into lists consisting of five or ten groups each, so that a complete list can be
used as a series of samples subjected to the same treatment but with listening level or some other
parameter varied when the list is reproduced.

TABLE B.1/P.800

Examples of speech material

You will have to be very quiet.

There was nothing to be seen.

They worshipped wooden idols.

I want a minute with the inspector.

Did he need any money?

B.1.5 Recording procedure

The following recording scheme has been extensively used and is recommended.

Speech is recorded from a linear microphone and low-noise amplifier with a flat frequency response
as specified in IEC Publication 581-5. The microphone is positioned between 140 mm and 200 mm
from the talker’s lips. In some applications, it may be necessary to use a windscreen, it is used if
breath puffs from the talker are noticed.

The same speech may be recorded simultaneously from the sending output of an Intermediate
Reference System (IRS, see Recommendation P.48), with the handset held in the normal manner. If
the investigation in view specifically requires it, another telephone instrument may be used in place
of the IRS.

Two separate recording systems are used simultaneously: one for recording the wideband speech in
one channel, and the other for recording the telephone speech in the corresponding channel. The
other channel of each recording system is used for recording control signals as explained in 2.5 of the
Handbook on Telephonometry.

This dual recording system ensures that the same speech is recorded in two forms (telephone speech
and wideband speech). Normally only one of these is required in any one experiment, but there are
occasions when it is necessary to use both, and it is an advantage in any case to be able to make
comparative measurements on the two versions.

The active speech level, as defined in Recommendation P.56, is observed during recording. Care is
taken during the recording process that the active speech level in both recording systems is between
20 and 30 dB below the overload point of the recording system for each sentence measured
separately. Any group of sentences for which this does not hold is re-recorded.

It is recommended that the ratio of the active speech level to psophometrically weighted noise level
(for definition see 8.2.3/P.830), SNR(p), on the recording media should be > 40 dB with an objective
of 50 dB.

All speech samples used in one experiment may be different: this is essential for Listening-Effort
tests and desirable for other types.

Recommendation P.800     (08/96) 19

b) Listening-effort scale

The heading of the listening-effort opinion scale is particularly important. Without it, the other
descriptions are liable to be seriously misunderstood.

Effort required to understand the meanings of sentences Score

Complete relaxation possible; no effort required 5

Attention necessary; no appreciable effort required 4

Moderate effort required 3

Considerable effort required 2

No meaning understood with any feasible effort 1

The quantity evaluated from the scores (mean listening-effort opinion score) is represented by the
symbol MOSLE but where suffix notation is not available, the symbol MOSle is used.

c) Loudness-preference scale

Loudness preference Score

Much louder than preferred 5

Louder than preferred 4

Preferred 3

Quieter than preferred 2

Much quieter than preferred 1

The quantity evaluated from the scores (mean loudness-preference opinion score) is represented by
the symbol MOSLP but where suffix notation is not available, the symbol MOSlp is used.

NOTE – Examples of alternative subjective scales, which should only be used if the above three
opinion scales do not meet the needs of the experimenter, are given in 2.6 of the Handbook on
Telephonometry and CCIR Report 751, Volume VIII.3, 1986.

B.4.6 Instructions to subjects

An example of typical instructions is given in Table B.2. The instructions must be given (verbally as
well, if necessary) prior to commencement of the experiment. When the subject has understood the
instructions, he/she should listen to the preliminary list and give his opinions. No suggestion should
be made to the subjects that the preliminary samples include the best or worst in the range to be
covered, or exhaust the range of conditions they can expect to hear. After the preliminary list, there
should be sufficient time allowed for answering possible questions by the subjects. Questions about
procedure or about the meaning of the instructions should be answered, but any technical questions
must be met with the response, "We cannot tell you anything about that until the experiment is
finished".



ITU-T P.800 standard

37 pages describing the organization of MOS 
assessment in telephony

Participants must not be experts in telephony. They 
must have not participated in any subjective test during 
6 months

Degradation can be added using white noise
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F.2 Testing procedure

A listening-only test procedure is used. A signal pair consisting of a reference signal and a test signal
is presented to listeners, who are then asked to indicate which of the signals in the pair they judge to
have the highest quality (preference rating). Subjective equivalence is defined as the reference value
corresponding to the intersection point of the regression curve of the preference scores at the 50%
preference level. An example of equivalent SNR obtained with hypothetical preference scores is
shown in Figure F.1.
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FIGURE F.1/P.800

Example of an equivalence threshold E with hypothetical preference scores

F.3 Presentation of signals

Reference signal A and test signal B are arranged in an equal number of A-B pairs and B-A pairs,
and presented in random order. Several degradation levels spaced for example, at 2 dB intervals, are
introduced in the reference path so that the range of preference scores extends from 20% to 80%,
where the 50% preference lies in the middle of the degradation range. A timing diagram of the
presentation is shown in Figure F.2.

T1206490-93

0.3 - 1 s 0.7 - 1 s 2.5 - 5 s 1 - 1.5 s > 1.5  s2.5 - 5 s

Cue tone

Sample A

Sentence

Sample B

Sentence Cue  tone for next pair

FIGURE F.2/P.800

Timing diagram of the presentation



Example: Speech codecs vs MOS
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Codecs

3

3,2

3,4

3,6

3,8

4

4,2

4,4

5 10 20 40 80

98.7

98.0

94.0

96.4

ISDN
3G

GSM FR

GSM ER

MOS

kbit/s

Speech codecs optimized for speech unsuitable for music!



Scale development in general

The goal is to develop a valid and reliable measure of an 
underlying construct

General scale-development procedure:
1. An initial large set of items is generated
2. It is tested in a large, heterogeneous sample
3. Basic dimensions are recognized statistically, for example using 

factor analysis
4. A smaller set  of questions is created and validated
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Using words instead of a numerical scale

19.11.2019
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Scales based on words
Estimates of frequency (%)

STUDY
Category A B C D Maximum 

Difference

Never 0.2*±.6
Rarely 6.7 5.3±3.6 1.4
Very unusual 9.0
Unusual 22.0
Seldom 25.6

Very unlikely 28.4±11.3
Once or twice 28.9
Infrequently 31.1
Unlikely 31.4±10.4
Once in a while 32.2

Now and then 47.8
Sometimes 50.0 33.4±17.0 35.0 16.6
Occasionally 55.6 19.5±15.1 33.0 36.1
Pretty often 56.7
Often 60.0 60.9±13.1 58.5 2.4

Frequently 65.6 81.2±10.4
Repeatedly 72.2
Usually 75.9±9.8 30.0 45.9
Very probable 82.5±8.8
Almost always 94.2±4.9

Most of the time 95.6
Always 99.5*±2.0 83.1±8.8 16.4

R.A. Cummins, E. Gullone, 2000
Why we should not use 5-point 
Likert scales: 
The case for subjective quality of 
life measurement



Wong-Baker FACES Pain Rating scale

19.11.2019
44

25 / 14

Scales based on Faces

• Ask person to choose the face that 
best describes how she is feeling

For children 3 years and older 



QoE Models



Psychophysics

Empirical functions that map physical properties to perceived 
quantities
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46

Psychophysics 
Psychophysics: Scientific study of the relation 

between physical stimuli and the subjective 
sensation evoked by those stimuli  

• Mass/weight                               Heaviness
• Sound pressure                           Loudness
• Sound frequency                        Pitch
• Luminance                                 Brightness
• Temperature                               Warmth/cold

Physical stimulus Perceived Property



Just Noticeable Difference (JND)

DL (Differenz Limen)
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Difference Thresholds  
•  Difference threshold (DL: Differenz limen) is the smallest 

difference (the just noticeable difference or jnd) between 
two stimuli (reference and comparison) that can be 
reliably detected.  

Difference Thresholds
Difference threshold (DL: Differenz limen) is the smallest 
difference (the just noticeable difference or jnd) between two 
stimuli (reference and comparison) that can be reliably detected. 



Broad Definition

A QoE model is a function that maps QoS (and possibly other 
factors) to some measure of human experience



QoS-based models of QoE
Weber-Fechner

MOS = a log–b QoS + c
• QoS parameter e.g. bitrate
• Web browsing, file downloads, VoIP

IQX hypothesis
MOS = a e–b QoS + c

• Exponential interdependency of QoE and QoS
• E.g., packet loss and audio quality
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Exponential Relationships – The IQX Hypothesis. The second example
is the so called IQX hypothesis (exponential interdependency of Quality of Ex-
perience and Quality of Service) [47,32] which describe QoE as an appropriately
parameterized negative exponential function of a single QoS impairment fac-
tor. To demonstrate this mapping, iLBC-coded speech samples were sent over a
network emulator for adding defined QoS impairments. The resulting degraded
samples were recorded and served, together with the original versions, as input
to the PESQ algorithm (ITU-T P.862),which automatically calculates the corre-
sponding QoE in terms of MOS values [43]. As a result the authors observed an
exponential relationship of the form MOS = α ·e−β·QoS+γ between packet-loss
and audio quality scores. The underlying assumption is that within a functional
relationship between QoS and QoE, a change of QoE depends on the actual level
of QoE [32], implying the differential equation

∂QoE

∂QoS
∼ −(QoE − γ). (2)

which has an exponential solution.
Both types of relationships confirm the general observation that users are

rather sensitive to impairments as long as the current quality level is already
quite good, whereas changes in networking conditions have less impact when
quality levels already are fairly low. However, they differ in terms of underlying
assumptions: the WFL relates the magnitude of QoE change to the current
QoS level, whereas the IQX hypothesis assumes that this magnitude of change
depends on the actual QoE level. Furthermore, the WFL mostly applies when
the QoS parameter equates to a signal- or application-level stimulus directly
perceivable by the user (like latency or audio distortion), while the IQX applies in
cases of QoS impairments on the network-level which are not directly perceivable
(e.g. packet loss). Taken together, both relationships have been found helpful in
explaing or obtaining new insights from passive measurements [109] and in the
context of studying web applications and waiting times [21,26].

2.4 Applications and Challenges

To summarize the main points of this introduction to QoE, we are now going to
reflect on the applicability of QoE by highlighting the different domains or stages
of QoE research and related challenges. Taken together, these stages constitute
a chain in which the output of one stage provides information and input for the
subsequent one as depicted in Fig. 3:

1. Fundamental Data and Laws of Quality Perception: By definition,
QoE not only demands for conducting extensive subjective test campaigns in
order to generate ground truth data (see Section 2.2). As a discipline, QoE
also seeks to explain its findings, building on general laws of perception,
sociology and user psychology. The challenge here is to perform research
in a truly interdisciplinary fashion to conduct valid user experiments that
generate accurate and reliable measurements of human quality perception.
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times, noise, artifacts or outages). In addition, QoS belongs to the most business-
relevant, actionable parameters for network and service providers [46]. For these
reasons, the understanding and modeling of generic relationships between QoS
and QoE has recently received considerable attention (cf. [32,47,21,99,109,26]).

In general, QoE = Φ(I1, I2, · · · , In) is a function of n influence factors Ij . In
contrast, generic relationships focus on a single influence factor I in order to
derive the fundamental relationship QoE = f(I). Therefore, these relationships
represent simple, unified and practicable formula expressing a mathematical de-
pendency of QoE on network- or application-level QoS. They are thus applica-
ble to online in-service QoE monitoring of QoS-related problems (e.g. as part of
parametric planning or packet-layer models), enabling QoE management mech-
anisms that build on QoS monitoring [32]. Two prominent categories of such
relationships which have been frequently observed in practice are logarithmic
and exponential relationships.

Logarithmic Relationships – The Law of Weber-Fechner. A number of
QoE experiments have identified relationships of the formMOS = α·log−β·QoS+
γ between QoE and QoS, be it in the context of web browsing (cf. ITU-T G.1030
and [50]), file downloads [99] or VoIP services [122]. For example, the results of
one VoIP quality study in [122] demonstrate that when using the Speex codec,
the MOS as a function of the bitrate used can be well matched by logarithmic
regressions.

Systematic studies of these observations [99,101] revealed that these logarith-
mic relationships can be explained on behalf of the well-known Weber-Fechner
Law (WFL) [127], which in itself represents the birth of psychophysics as a sci-
entific discipline of its own. In essence, the WFL traces the perceptive abilities
of the human sensory system back to the perception of so-called ”just noticeable
differences” between two levels of a certain stimulus. For most human senses
(vision, hearing, tasting, smelling, touching, and even numerical cognition) such
a just noticeable difference can be shown to be a constant fraction of the original
stimulus size. For instance with touch experiments have shown that we are able
to detect an increase in the weight of an object in our hands if this is increased
by around 3%, independently of its absolute value. This is expressed by the
differential equation

∂Perception

∂Stimulus
∼ − 1

Stimulus
. (1)

As direct conclusion, the resulting mathematical interrelation is of a logarith-
mic form and can be used to describe the dependency between stimulus and
response/perception over several orders of magnitude [127]. Where this depen-
dency holds in the domain of QoE, typical stimuli have been shown to be wait-
ing and response times as well as audio distortions, i.e. application-level QoS
parameters directly perceivable by the end-user. For these reasons, logarithmic
relationships have not only been observed in the domains of psychophysics and
perceived network performance, but also in the field of economics [101].



Example QoE 
models



Audio / video
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Voice communications

Motivated by the volatility of voice quality in VoIP
Four dimensions of modeling

The E-model (mouth-to-ear transmission rating factor R)
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the delivery chain. Therefore, focusing on physical signal properties as many of
the existing voice quality approaches do (hence covering only the system box in
Figure 1 only) assesses solely user perceived quality but falls short in considering
interactional, usage situation and service related features which are necessary to
migrate from user perceived quality towards the multidimensional perspective
of QoE as discussed in Section 2.1.

For identifying a subject’s quality perception one can ask the person di-
rectly to quantify their experience. This quantification can be achieved along
a two dimensional matrix spanned by the perceptual-affective dimension and the
subject-objective oriented dimension (a combination of [97] and [6]) as depicted
in Table 3.1. The vertical dimension distinguishes between voice quality tests
targeted towards the description of perceived (quality) features (perceptual) and
a subjective quantification of the overall quality (affective). In contrast, the hor-
izontal dimension differentiates amongst the identification of human perception
(subject-oriented) and sound reproduction capabilities of (voice transmission)
systems (object-oriented) [97].

Object-oriented voice quality tests are primarily used to identify relation-
ships between system or network parameters and user perceived quality, whereas
subject-oriented tests are often used to derive more general models predicting
voice quality based on signal characteristics. However, both types of tests share
certain characteristics of test setups and evaluation methodologies.

Table 1. The four dimensions of voice quality evaluation (based on [97] and [6])

Subject-Oriented Object-Oriented
Affective Quality perception Assessment of system quality

Perceptual
Quality features and

their perception
Quality features and acoustic

or system correlates

3.2 Subjective Assessment Methods and Objective Prediction
Models

The aim of speech and voice quality evaluation methods is the quantification of
user perceived quality of the communication system under test, in order to use
this information for the development of models able to estimate user perceived
voice quality based on instrumental measured system and network parameters.
Within the following subsections it will be shown what QoE dimensions the
discussed approaches are able to evaluate and what is needed to enrich their
results towards a holistic QoE assessment.

Subjective Assessment. In general, four methodological categories for sub-
jective voice quality evaluation do exist (cf. [79]):

1. Comprehensibility Tests
2. Multi-dimensional Tests
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databases including recent codecs and speech enhancement devices and it also
operates in a super sideband (SWB) mode (cf. [77]). However, these signal based
models11 do only cover the system dimension depicted in Figure 1 and do neglect
conversational context as well as conversational states of the interlocutors.

Parametric Models: These models originate from network planning as they were
intended to predict the voice quality of new networks in advance by incorpo-
rating certain (planning) parameter settings. In addition to the listen quality
to be expected, such models are also able to incorporate echo and delay re-
lated impairments in their quality estimations. Early models of this type are
[102,88,54], however the most prominent example of a parametric model is the
E-model (ITU-T G.107). It predicts the quality users experience during a voice
conversation based on impairment factors such as end-device characteristics,
used codecs transport parameters and so forth. The E-model determines a rat-
ing R: R = R0 + Is + Id + Ie + A where R0 is the basic signal-to-noise ratio,
Is takes into account phenomena that occur simultaneously with the speech sig-
nal (like the loudness of the speech signal and the side-tone and quantization
effects), Id groups impairments associated with delay (such as, impairments due
to echo and loss of interactivity), Ie accumulates the effects associated with spe-
cial equipment (for example, the use of a low bit rate codec or packet loss), and
A is an advantage factor (i.e., a decrease in R-rating a user is willing to tolerate
because he or she has a certain advantage, e.g., being mobile). The R-value can
then be mapped to MOS scores for speech quality estimation. Revisions of the
E-model have improved its prediction accuracy, extended its applicability to WB
speech and has lead to work on the implementation of E-model based quality
assessment models applicable for online quality prediction [118,119,120]. In re-
spect of the QoE approach described in the background section (cf. Section 2.1),
the E-model implements the inclusion of contextual and user related factors (Id
and A) in addition to pure physical fidelity factors (Is and Ie) as demanded by
such a multidimensional QoE conception. However, online assessment models
based on the E-model are often not able to include these factors on a per-call
basis and therefore forfeit these advantages to a certain extent.

Packet Layer Models: Packet-layer or protocol level models (PLM) are useful
when media-related payload information is too (computationally) costly to be
analyzed and thus signal-based models cannot be used. The intended application
of PLM’s is network quality monitoring. Therefore, the focus of such models is
on minimal computational effort and input parameters which are easily available
in voice communication networks and are typically QoS parameters (e.g. packet
loss, packet re-ordering ratio etc.). Examples of such models are described in
[20,104,111] and compared in [95]. Although several such models exist, none of
them has been standardized yet by an international standardization body. From
ITU-T side there only exists a defined methodology ITU-T P.564 for comparing

11 Signal based models can be considered as a special case of listen only models and
therefore share the same disadvantages.

Basic signal-
to-noise

QoS-driven factors in audio:
loudness, delay, distortions

Advantage factor
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Fig. 11.3 Surface structure of an interactive conversation taken from [2, 9]

11.3 Measurement of Interactivity

Based on the definition of interactivity provided in the previous section, we are now
discussing its instrumentation, i.e. how to make interactivity measurable. Deriving a
formal interactivity metric has turned out to be a non-trivial task [4], although it does
not seem too difficult to develop an intuitive understanding about different levels of
interactivity, especially in the case of H2H conversations, which will therefore serve
as our starting point. Hence, coming back to Fig. 11.1, we observe that the surface
structure of an interactive conversation between two partners A and B may formally
be described as a sequence of four states. These states are a result of each speaker
alternating between active and passive periods which can be numbered according to
their temporal order, see Fig. 11.3. Together with the delay added by the transmission
channel, on each speaker’s side this leads to a sequential chain made up of four states:
“A” if speaker A is active (only), “B” if speaker B is active (only), “Double Talk” if
both speakers are active, and “Mutual Silence” if none of them is active, see Fig. 11.4.

Note that, due to the mentioned transmission delay, the interaction pattern as
observed by speaker A may substantially differ from the one observed by speaker
B, while of course both of them are entangled in the same conversation. This leads
to two immediate consequences: first of all, the notion of “interruption” becomes
ambivalent, as we have to distinguish between “active interruptions” (where one
of the speaker becomes active while she is still receiving an ongoing talk spurt)
and “passive interruptions” (where an active speaker is interrupted by an arriving
talk spurt which has not been intended as an interruption but has been subject to
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Hybrid Metrics

Bitstream-based Metrics

Packet-based
Metrics
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e.g. Moving
Vectors
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Values

Fig. 6. Different categories of objective video quality metrics (based on [132]). The
range of the network QoS domain has been added for illustration purposes.

fitting and luminance normalization, PSNR is changed to a metric performing
so well that it is difficult to outperform it [93]. SSIM is much more complicated
than PSNR [125]. It is based on the HVS and was created for image compres-
sion analysis just like PSNR. The extension of SSIM for video is also published
[126]. The last metric is VQM which looks like a simple linear combination of
several image features [133]. Nevertheless, it was created based on many differ-
ent subjective experiments and it is shown that VQM performance is very good
and it become a part of a ITU-R standard. The last standardized full reference
metric was proposed by SwissQual which showed to be the best at the HDTV
test provided by VQEG and standardized in ITU-T Recommendation J.341.

As regards input signales required, full reference (FR) metrics need both the
original sequence and the decoded distorted signal. Such limitation make it very
difficult to use it for monitoring purposes in a real-worl telecommunications or
IPTV network. Even assuming that computation resources are not an issue and a
single channel is used to broadcast a test sequence, monitoring this specific chan-
nel does not guarantee that the obtained quality is the same for other channels.
Therefore, using FR metrics is difficult in practice.

In order to solve this problem, reduced reference (RR) metrics are proposed.
In case of pixel domain analysis again HDTV test was able to identify a metric,
proposed by Yonsei University, which should become a standard soon. Never-
theless, the problem of RR metrics is that an operator or service provider has to
compute the coefficients to be transmitted as the reduced source information.

Finally, no reference (NR) metrics are particularly relevant to practical mon-
itoring applications since the quality is obtained based only on the impaired
stream under test. NR metrics can just take into account a few network QoS
parameters or be very complex by additionally processing packet headers and
pixel domain information. Metrics taking into account both pixel domain and
different layers headers or some decoded information, like moving vectors, are
called Hybrid metrics. These kinds of metrics are now evaluated under the VQEG
Hybrid test plan and if enough good results are obtained, a new standard will
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Figure 1. Data flow diagram of the High Dynamic Range Visible Difference Predictor (HDR VDP)

unchanged, except for a minor modification in the normalization of units (details in Section 3.4). In the final
error pooling stage the probabilities of visible differences are summed up for all channels and a map of detection
probabilities is generated. This step is the same in both versions of the VDP.

3.1. Optical Transfer Function

Due to scattering of light in the cornea, lens and retina, the visibility of low contrast details is significantly
reduced in the presence of bright light sources. For example, it is very difficult to see the license plate number
at night if the head lamps of the car are on. While such dramatic contrast changes are uncommon for typical
LCD for CRT displays, they have significant influence on perception of real life scenes or images seen on HDR
displays. To account for this effect, the first stage of HDR VDP simulates light scattering in the human eye for
given view conditions.

Light scattering in the optics is usually modeled as Optical Transfer Function (OTF) in the Fourier domain
or as Point Spread Function (PSF) in spatial domain. The scattering depends on a number of parameters, such
as spatial frequency, wavelength, defocus, pupil size, iris pigmentation, and age of the subject. Because we would
like to limit the number of parameters to what is needed for our application, we choose the function of Deeley
et al.,22 which models OTF for monochromatic light and which takes into account luminance adaptation level.
The OTF of that model is given by:

OTF (ρ, d) = exp[−(
ρ

20.9 − 2.1d
)1.3−0.07d] (1)

where d is a pupil diameter in mm and ρ is spatial frequency in cycles per degree. Specifically, the luminance
level is taken into account via its effect on the Pupil diameter, calculated for particular adaptation luminance
using the formula of Moon and Spencer23:

d = 4.9 − 3 tanh [0.4 (log10(Yadapt) + 1)] (2)

where Yadapt is a global adaptation level in cd/m2. Figure 2 shows OTFs for several levels of adaptation. The
global adaptation level can be calculated as an average luminance of an image in log domain or supplied to the
VDP as an external parameter.

3.2. Amplitude Nonlinearity

The original VDP utilizes a model of the photoreceptor to account for non-linear response of HVS to luminance.
Perceivable differences in bright regions of a scene would be overestimated without taking into account this
non-linearity. The drawback of using the model of the photoreceptor is that it gives arbitrary units of response,
which are loosely related to the threshold values of contrast sensitivity studies. The Contrast Sensitivity Function
(CSF), which is responsible for the normalization of contrast values to JND units in the original VDP, is scaled in
physical units of luminance contrast. Therefore using a physical threshold contrast to normalize response values
of the photoreceptor may give an inaccurate estimate of the visibility threshold. Note that the response values
are non-linearly related to luminance. Moreover, the model of photoreceptor, which is a sigmoidal response
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visual signals are considered to be internally processed to produce separate auditory
and visual qualities that are fused at a late stage to give a judgment of the overall
perceived quality (late fusion theory). A commonly used function for integration is
composed of a linear combination of the audio and video MOS, and of a multiplicative
term, see Eq. (14.1). The ITU in Recommendation P.911 proposes to only use the
multiplicative term between the audio and video qualities with an additive shift as
an estimator of the AV quality, see Eq. (14.2):

MOSAV = α · MOS A + β · MOSV + γ · MOS A · MOSV + θ (14.1)

MOSAV = γ · MOS A · MOSV + θ (14.2)

with MOSAV , being the audiovisual quality, MOS A, the audio quality, MOSV , the
video quality, and α to θ being constants. In Eq. (14.2), the recommended values of
the formula coefficients are an average of the values obtained in different studies: γ

is set to 0.11 and θ to 1.3 when MOS varies between 1 and 5. More generally, the
values of the coefficients of Eq. (14.1) depend on various factors:

• testing methodology
• test conditions: type and range of impairments
• material, i.e. presentation devices
• audiovisual content
• experimental setup: passive listening/viewing or interactive; in a laboratory

or in situ.

The extended range of variation and the combination of these experimental factors
make it difficult to determine a unique integration function accounting for all possible
scenarios [44]. A meta-analysis performed by Pinson et al. in [35] showed that the
variation of the MOS range for both the auditory and visual modalities is of primary
importance in order to get an unbiased integration function. The hypothesis is that
the relative importance of both modalities should be comparable, as suggested by
the results of their experiments.

14.5.2 Impact of the AV Content

The AV content has a major impact on the AV integration, as recent reviews [44] and
[35] indicate. Studies performed with teleconferencing situations, including “head-
and-shoulders” material or meeting room situations with several participants, suggest
that both audio and video quality have a significant impact on AV quality integration.
The situation seems to be different for TV and more generally streaming material,
where experimental results show that the more attention the user dedicate to the
visual channel, the higher is the relative weight for video quality compared to the
one for audio quality in the overall integration.

Korhonen et al. [33] showed a practical study on how to find an optimal trade-off
between audio and video packet-loss artifacts at bit rates varying between 360 kbps
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Web-based services
• Focus on waiting time 
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• From pages to sessions
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Fig. 7. a) Waiting times related to request-response patterns in web browsing [55] and
b) Web session as series of page views with different waiting times

the user is then prompted for his quality rating on an ACR scale. The indepen-
dent variables here are the T1 + T2 and T3 + T4 times. Contrary, approach 2)
which was utilized in [106,105,99] uses pre defined session times. For each session
the user is asked to execute a certain task on the given webpage while network
parameters (e.g. downlink bandwidth, round trip time) are varied as indepen-
dent variable. After the session time is elapsed the quality rating is gathered.
Whereas approach 1) considers the overall session time as independent variable
against which the MOS are plotted, approach 2) uses network level parameters
as independent variable which then influences the waiting times for each request
- response pair. While the latter approach guarantees a more realistic web brows-
ing experience for the user resulting in a series of waiting times (cf. Figure 7b)
the user is exposed to, the former approach allows exactly controlling waiting
times. Depending on the aim of the web browsing study to be conducted one
has to decide for one has to weigh advantages and disadvantages of these two
approaches.

Existing Web QoE Models. Models for Web QoE have to take into account
temporal stimuli to quantify waiting time perception by web users. One approach
is to directly relate Web QoE to those waiting times being a key performance
metric. Reflecting the three different instrumental quality models described in
the background in Section 2, a Web QoE model based on waiting times can be
considered as a degenerated signal-based model with waiting time as ’perceived
signal’. Another approach considers network parameters like delay and band-
width to quantify Web QoE without explicitly considering waiting times. From
that perspective, Web QoE is described as parametric model (e.g. on behalf of
planning parameters) or packet-level model (for monitoring purposes on behalf
of network characteristics measurable on packet-level).
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Fig. 8. Relationships between QoS parameter and QoE for web services

corresponding fitting function between the weighted session time and Web QoE
is given in [32]. With the surfing user clicking on several web pages in a row,
the complexity of Web QoE further increases. [44] has introduced the memory
effect to the field of Web QoE modeling, being motivated by the fact that a
person’s current experience of service quality is shaped by past experiences. The
test scenario used considers a user sequentially browsing the pages of an online
photo album. The results show that, although the current QoS level clearly de-
termines resulting end-user quality ratings, there is also a visible influence of the
quality levels experienced in previous test conditions. In particular, in addition
to the current QoS level the user experienced quality of the last downloaded
web page has to be taken into account. The implications of web QoE assessment
and modeling are twofold: firstly, the design of dedicated Web QoE studies are
required to quantify the impact of the memory effect on QoE, i.e. to consider
web sessions instead of single web pages. Secondly, time-dynamics and the in-
ternal state of the user (that both manifest in the memory effect) are essential
components of the web experience and thus need to be adequately reflected in
Web QoE models.

Relation between Acceptance and Web QoE. Besides quantifying QoE,
an ISP or service provider may also be interested in the actual acceptability of
a web service. In this context, the term acceptability refers to a “binary measure
to locate the threshold of minimum acceptable quality that fulfills user quality
expectations and needs for a certain application or system” as discussed in [107].
Therefore, the relation between acceptance and Web QoE is considered shortly
in the following. In the subjective studies in [26], the users were asked a) to
rate QoE, i.e. their degree of satisfaction on a 5-point ACR scale ranging from
’bad’ to ’excellent’, and b) to indicate their acceptability using a binary yes/no
measure for answering the question: “Would you continue to use the service
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Fig. 22.2 Perceived subjec-
tive versus application-level
PLT for different web pages
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type, e.g. front page, search results and article detail page for Amazon). The results
show large differences between technical and perceived completion time, with ratios
ranging from 1.5 up to 3 (where 1 would be the exact match between subjective and
application level PLT).

Although technical and perceived page load time differ significantly, web-QoE
monitoring requires reliable metrics attached to controllable events during the page
view cycle. The simplest solution which has been used so far is the application of
the overall page load time (OPLD). In these applications, the controlled time events
relate closest to the technical page load times. During different tasks like browsing
through a picture album or performing online searches, the request for the next picture
and search results are delayed for a certain amount of time. Figure 22.3 shows the
results for different tasks performed.
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Fig. 7.1 Media experience
model

fields, among others Ultra High Definition TV (UHDTV), High Dynamic Range
(HDR) and 3D. The future looks at increasing the user’s experience by moving
to multi-scopic, multi-view, free viewpoint and omnidirectional. Together with the
advances in audio technology all the way to auralization and 3D audio we see the
possibility of offering interactive holistic rendering of our real world to the user, with
the ultimate goal being to digitally create real world presence where we can build
business models and an economy based on the ecosystem at the top layer. As an
example of a concrete cross layer optimisation we see the interaction between the
content and delivery layer by efforts within Networked Media Handling.

7.2 Ecosystem: High Level and Generic Concepts

Customer experience management is central to the future business ecosystems, as
the service providers are more and more subject to the market pressure for attaining
increasing levels of provisioning efficiencies while at the same time facing shrinking
revenues. In such a context, customer loyalty becomes the main enabler for customer
experience management, where assessing the QoE of users constitutes the key ele-
ment in any customer management system. An ecosystem is necessary to clearly
identify the different actors in the value chain of producing and consuming a service,
as well as their interactions. The ecosystem provides the interdependencies between
these roles and identifies the interfaces where quality plays a major role. Taking this
into account, the following ecosystem has been introduced in [2] (Fig. 7.2).

The introduced ecosystem illustrates the elusive nature of QoE as an intrinsic
characteristic of the experience of the user with a given service, and as such it models
the impossibility of being fully assessed but through its interactions with the context
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Fig. 3. The different stages of QoE research and application types

2.5 Towards a New Understanding of Quality

This introductory section has outlined the foundations of QoE and its assess-
ment along with its applications and related challenges. It has shown how the
concept has evolved out of QoS with the purpose of (re-)introducing user cen-
tricity into quality assessment. In this respect, QoE can be considered as new
paradigm, since compared to QoS it has a much wider scope and provides a new,
fundamentally different perspective on quality in communication ecosystems: be-
yond purely technical performance dimensions, QoE is about the human user’s
assessment of the different pragmatic and hedonic aspects of a system or ser-
vice, including also the influence of non-technical factors such as context and
the state of the user herself (such as expectations and emotions). The inherent
multi-dimensionality and multi-disciplinarity of QoE also requires an enlarged
arsenal of assessment methodologies derived from neighbouring disciplines such
as psychology and sociology combined with traditional technical measurement
methods on network- and application-level in order to obtain a tuly new un-
derstanding of quality based on reliable and valid results. In this respect, this
section has provided an overview and introduction to the fundamentals of QoE.
As next step, the following three sections are going to provide an overview of
QoE research for voice, audio-visual and web services.

3 QoE for Voice Communication Services

The transition from circuit switched POTS telephone services to packet switched
voice services (VoIP) and mobile voice services respectively, has led to an in-
crease in processing elements in the transmission chain and a drastic decrease in
bandwidth demand of (narrowband) voice systems. The multitude of processing
elements together with the characteristics of the voice carrying IP networks has
a time variant and significant effect on user perceived voice quality. Volatile voice
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Fig. 28.1 Network management (NM) and application management (AM) constitute complemen-
tary approaches that utilize different monitoring and control points

conflicting) views, experiences and understandings of a service [48]. In this context,
QoE is supposed to enable a broader, more holistic understanding of the impact of
networked communication and content delivery systems on the end-user and thus to
complement management perspectives on quality and performance that have tradi-
tionally excluded the user perspective.

This chapter presents an overview of a set of recently proposed QoE-based man-
agement approaches that are specifically related to Network Management (NM) and
Application Management (AM). While NM is based on monitoring and exerting
control on access, core network and Internet level, AM seeks to adapt quality and
performance on end-user and application host/cloud level. The different, complemen-
tary perspectives applied by AM and NM are illustrated by Fig. 28.1. NM focuses
on monitoring and control onto the network entities in order to keep the network up-
and-running. Thus, it is not surprising that “Over-The-Top” (OTT) services running
on top of Internet, such as YouTube, Skype and Netflix have implemented their own
AM, i.e. QoE control schemes on application level such as forward-error coding or
adaptation of video resolution, which aim at decreasing the risks of spatial (blocking
etc.) or temporal (stalling etc.) artifacts, respectively. Naturally, this type of control
that adapts the application to the conditions found in the network is situated much
closer to the user than the network-level control. Thus, AM can act as a “mediator”
between network and user interface, optimizing QoE under the given circumstances.

What is common to both categories of QoE-based management approaches (AM,
NM) is that they are based on the results of various QoE research fields: QoE assess-
ment, modeling, measurement and monitoring. Consequently, this chapter builds on
the previous chapters in this book, illustrating how QoE management serves as a
major crystallization point and catalyst for advancing this area of research.

The remainder of this chapter is structured as follows: Sect. 28.2 introduces a set
of recent approaches towards QoE-based Network Management and relates them to
the FCAPS classification. Likewise, Sect. 28.3 presents a set of recent approaches
towards QoE-based Application Management. Section 28.4 then shows how both
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Shortcomings of the experimental 
method
Threats to experimental validity: order effects, task effects, 
latent factors like cultural differences

Limited (even biased) samples: typically students

Large individual differences ignored in population-level models



Issue: Order effects

QoE models are ‘brittle’
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Fig. 21.3 Results for image
quality tests conducted in a
laboratory with local subjects
and via crowdsourcing with
international users from Asia,
US, and Europe
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The user level includes psychological factors like expectations and experiences of
the user, but also memory and recency effects. The context level considers aspects
like the environment in which the user is consuming the service, the socio-cultural
background, or the purpose of using the service like entertainment or information
retrieval. Crowdsourcing enables new ways to research all these factors and quantify
their impact on QoE. For example, a QoE influence factor on the user level can be the
users’ expectations: those used to lower quality represented by low video resolution
will rate differently than those typically consuming higher quality as represented by
high video resolution. The expectation level may be closely related to the country of
the subject and users from different regions may have different expectations about
the provided content quality.

The impact of demographics on QoE is illustrated using an image quality test
as example. Wang et al. [31] designed and conducted a laboratory test and from
the resulting LIVE data set we selected 17 images and their corresponding MOSs
from the JPEG compressed images within this dataset. Figure 21.3 compares the
MOS values from the laboratory study with the results from the Crowdsourcing
study from different regions. Figure 21.4 shows the squared MOS difference from
the different regions to the LIVE dataset, normalised by the absolute MOS value
from the laboratory. We can see that there are differences (up to 1 MOS value) across
regions for MOS values below 2.5. For higher image qualities, there is no impact of
the demographics. For this experiment, the results from US and Europe lead to very
similar results, while the subjects in the laboratory and the Asian worker agree in their
image quality ratings in that study. Note that the laboratory study was performed in
the US in 2004 and this could explain the agreement of Asian and labratory subjects,
as expectations may change over time regarding image quality. Similar results of the
impact of demographics on MOS was also observed in other studies e.g. regarding
web aesthetics [29].
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under these conditions or not?”.16 The corresponding QoE results were plotted
in Figure 8(a) for different web services that are file download, web browsing,
and browsing through a photo album.

Figure 9 relates the obtained QoE ratings to the percentage of users who ac-
cept the service. It can be seen that 90% of the users accept already a fair quality
with a MOS value about 3 for the considered web services. Thus, monitoring the
users’ acceptability of a web service means to check if the found threshold is
exceeded when applying a certain QoE model for monitoring.
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Fig. 9. Relation between acceptance and QoE for web services

5.3 Challenges in Monitoring Waiting Time Perception

The complexity of Web QoE models makes an accurate monitoring of waiting
time perception by means of objectively measurable parameters fairly challeng-
ing. Furthermore, web QoE comprises a large variety of different applications
which require different QoE models for each service like file download, mail,
HTTP-based video streaming or web browsing. Especially, the diversity of web
sites and their implementations additionaly increase the complexity of the prob-
lem. Although the same fundamental relationship may be applied like the Weber-
Fechner law, web QoE models for particular web-based services and particular
web sites have to be derived accordingly. Furthermore, the consideration of flow
experience and web sessions may require extra efforts to incorporate resulting
influence factors like the memory effect.

In this section, we discuss challenges and practical issues only when measuring
the waiting times for web pages. With the Weber-Fechner law, the waiting time
may be translated into subjective user perception directly, i.e., waiting time as
stimulus is related to user perception. Since waiting times cannot be measured
directly, the first idea is to compute the waiting time in terms of page load time

16 More details on acceptability and QoE as well as on the technical implementation
of the test setup can be found in [107].
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Ask users about their experience with a pop-up
Statistical models link this to a technical quality 
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Figure 1: Screenshot of an experience rating (for YouTube) from the QoE-Client.

issues. We also note for reference that the latency measurements ping a server near Helsinki, Finland and
also capture variations in access network delays. However, the delay measurements are potentially inflated
because many measurements are larger bulk transfers in which queuing delay often dominates other delays.110

Finally, we note that, due to Android limitations the QoE-Client cannot make network measurements
for only the tra�c of a specific app. In other words, the network measurements are measurements for the
entire network interface rather than, for example, measurements for only the TCP flows of a specific app5.
We discuss the assumptions and implications of this limitation further in Section 3.5.2.

3.2. QoE-Client experience sampling method115

The QoE-Client experience sampling method is based on a compromise methodology that attempts to
balance variety of di↵erent objectives.

For example, an important issue involves the timing and frequency of prompting users for experience rat-
ings. The QoE-Client algorithm attempts to balance the di↵erent objectives including avoiding user fatigue
and obtaining a significant number of experience ratings from a diverse set of apps, network conditions, and120

user contexts. A rough pseudocode of the algorithm is detailed in the Appendix in Algorithm 1. We also
note specifically that network-lite apps are less likely to trigger active latency measurements, and therefore
also less likely to prompt experience ratings. In other words, prompting for experience ratings is more likely
for network-intensive apps. Though since we have a main focus on network QoE parameters, we do not view
this as a significant problem.125

In terms of the actual experience rating interface, Figure 1 illustrates an example experience rating. The
use of a five-point star scale is based primarily on both the prevalence of the scale in everyday use [12] and
display size considerations.

3.3. Participant recruitment, representativeness, and procedure

The participants were recruited through several di↵erent media channels including email lists, word-130

of-mouth, online ads, and newspaper ads to acquire a diverse group. Some ads were specifically targeted
towards media channels of rural areas to attempt to recruit such users under the assumption that their
network quality might be lower than urban users.

5We look to evaluate alternative network measuring approaches such as the device-based VPN approach [7, 8, 9] in future
work.

4

Experience sampling

Table 3: Final features after feature engineering and preprocessing

Feature Describes Type Source

DL throughput (Mbps) Network Numeric Device API + UDP probing
Delay (ms) Network Numeric UDP probing
Echo loss ratio (%) Network Numeric UDP probing
DL bulk maxa(Mbps) Network Numeric Device (tra�cstats) API
Signal strengthb(%) Network Numeric Device API
Network typec Network Categorical Device API
Sub limited Network Categorical User Survey
Device memory available (GB) Device Numeric Device API
Play store mean review score App Numeric Google play store
Play store num reviews App Numeric Google play store
Play store num downloads App Numeric Google play store
Meta-category App Categorical Google play store
Hour of day Context Categorical Device API
Weekday/Weekend Context Categorical Device API
Aged User Categorical User Survey
Gender User Categorical User Survey
Home regione User Categorical User Survey
Smartphone usagef(years) User Categorical User Survey
a DL bulk max is the maximum DL throughput during bulk data transfers over the measurement session. In

comparison to DL throughput, DL bulk max gives an estimate of application throughput regardless of bottleneck
being server or network.

b Signal strength is normalized (to [0,100]) for di↵erent mobile network technologies via the following [min,max]
intervals: [�21,�2] for LTE RSRQ, [�120,�50] for WCDMA receive power, [�100,�20] for Wifi RSSI.

c Network type is categorized into the following categories LTE, Wifi, HSPA+, other cellular, and unknown.
d Age is categorized into the following intervals [16 � 25], [26 � 40], and [40+].
e Home region is categorized into the following categories Uusimaa and non-Uusimaa.
f Smartphone usage years is categorized into the following intervals [0, 4], [5, 7], and [8+].

Figure 2: A) Distribution of absolute ratings, B) ECDF of normalized ratings (by user median) with dashed line representing
a binarization for modeling, C) ECDF of ratings per user

4.3. Device related features

For device-related features, Figure 4 illustrates the device memory available during each rated app session.
As seen, the device memory available during di↵erent ratings varies significantly (from about 128MB to over
3GB) suggesting that device memory might be a potentially important factor. Specifically, apps running
on devices with low memory may stutter or freeze more often due to, for example, frequent background230

garbage collection. Android currently supports smartphones with a total memory as low as 512MB, though
the clear and quantitative e↵ects of available device memory on app quality is highly situational and di�cult
to study.
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Figure 10: Feature importances (out-of-bag permutation importance of the G-Mean) of the random forest model (including
standard deviations of importances)

work requirements. Unfortunately, the maps and business meta-categories have too few bad-QoE samples for365

reliable modeling, therefore, we exclude these two meta-categories from the meta-category specific modeling.
Figure 11 details the TN and TP rates for these di↵erent meta-categories along with the G-mean of these

meta-categories. We find that all meta-categories models have roughly similar levels of performance and that
this level is similar to the performance of the general model. This suggests that even meta-category specific
models might not be able to provide the desired performance level indicated by previous work. Though we370

note that, like the general model, the specific models do outperform the baseline models.
Furthermore, Table 5 details the feature importances of each meta-category model. We find that the

di↵erent meta-category models have di↵erent features with no single feature included in all models. Inter-
estingly, many of the most important features are non-network features. This reinforces the importance of
attempting to account for as many features as possible. In fact, at least one non-network feature is impor-375

tant in each model. Quantitatively, the fraction of importance in network features compared to non-network
features ranges from 33% to 54% in the models.

In comparison to [5], for our entertainment meta-category model compared to their YouTube model
the only feature included and important in both these models is signal strength. While for our social
meta-category model compared to their Facebook model, no feature is included and important in both.380

We note though that given the modest performance of the models, we remain cautious of over-interpretation
of the feature importances.

6. Discussion

We need a summary of results here; just a list of the main descriptive and modeling results.
The main takeaway from these findings is that mobile QoE prediction remains a di�cult problem,385

especially in cases where network quality is high in general. In those cases, users’ experience is a↵ected by
a number of other factors, the relationship is still poorly known. We hypothesize that beyond a certain
threshold (hereafter: the QoE saturation threshold), a significantly larger fraction of bad QoE events is
related to non-network factors such as app quality, device performance, and user expectations, etc. These
non-network features are more di�cult to measure and capture and thus prediction performance decreases.390
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Wrapping up



Conclusion

An alternative, human-centric engineering objective 
• ‘Quality’ is defined by reference to human experience 

QoE bases on scientific measurement of subjective experience
• QoE models map QoS to experience

QoE-based network management is emerging
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