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Learning outcomes

 The concept of Quality of Experience (QoE)

* Motivation behind QoE

e Relationship between Quality of Service (QoS) and QoE
 Major QoE influence factors

* How can QoE be measured?

* How can QoE be controlled/exploited?

e Other research challenges
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INTRODUCTION TO QoS & QoE




Some statistics

» Two “competing” entities:

4 )
Operator/Provider vs. Customer/User

>

min(Cost) vs. max(Quality) @
\ J
» Some facts:

e 82% of customer defections are due to frustration and the
provider’s inability to deal with this effectively

* For 1 person who calls with a problem, 29 never will
e 1 frustrated customer will tell 13 others
* 90% abandons a service without even complaining
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For which one would you rather pay?

Q: Which one represents QoS and which one QoE?

 “Unlimited internet with speed up to 24Mbps”
= QoS (Quality of Service)

* “Excellent user experience guaranteed”

- QoE (Quality of Experience)

» QoS is “a set of technical quality requirements on the collective
behaviours of one or more objects in order to define the required
performance criteria”. But:

* It handles pure technical aspects
 Same QoS values do not imply same customer experience

* QoS does not reflect the end-user satisfaction

XAPOKOMEIO MANENIZTHMIO — TMHMA NAHPO®OPIKHZ KAl THAEMATIKHZ 6



QokE: A challenging and interesting topic!
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QoE definition

 |TU-T: “The overall acceptability of an application or service, as perceived
subjectively by the end-user.”

e ETSI: “A measure of user performance based on both objective and
subjective psychological measures of using an ICT service or product.”

* Practically: “The degree of your delight or annoyance over a product,
application or service.” [Qualinet]

Time spans of UX

When: Before usage During usage After usage Over time
What: Anticipated UX d Momentary UX N Episodic UX R Cumulative UX

How: Imagining Experiencing Reflecting on Recollecting multiple
experience an experience periods of use

* “User Experience White Paper: Bringing clarity to the concept of user experience”, Dagstuhl Seminar
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QoE: A multidisciplinary field

by the customer o L the tustomer Main properties:
perceived QoS (6.1000) « User-dependent
biaheprovder L | bythe provaer . Application-dependent
------------------------------------------------------------ « Terminal-dependent
o N— « Time variant

> QoS: technology-centred
> QoE: user-centred

* R. Stankiewicz, P. Cholda, and A. Jajszczyk, “QoX: What is it really?,” IEEE Communications Magazine, vol. 49, no. 4, pp. 148-158, Apr-2011.
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QoE: A multidisciplinary field
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1. Human

Age, gender, education level, cultural background, sociological and
psychological factors, cognitive and perceptual abilities, user
expectations, experiences, emotion, mood, perception, preferences

y i
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2. Network (Key Performance Indicators - KPlIs)
| Aspect | Quality Influence Factors | Aspect | Quality Influence Factors

- Frame Rate
- Video bit rate
- Video content

- Round trip / one-way delay

_ - Jitter
Vid e Transport [ R T
[o [o] - Display size, type and
pay P / - Delay burstiness distribution

specific resolution
- Codec type and Network

implementation

- Loss burstiness distribution
- Bottleneck bandwidth

- Congestion period
- Video resolution and video 8 P

format
- SNR/SIR/SINR

- Bit rate

- BLER

- Outage probability

- Packet / Symbol / Bit Error
Physical probability

- Outage capacity

- Ergodic capacity / throughput
- Diversity order / coding gain

- Area spectral efficiency

Number of stalling events

- Duration of stalling events

- Total video duration

\UTe[oReTiR - Initial delay (start-up delay)

D=1 13ls 0 -  Time on highest layer (HTTP
Adaptive Streaming - HAS)

- Number of switches (HAS)

- Altitude (HAS)

- Energy efficiency
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3. Context

* Energy consumption
 Terminal type

* Humanrole

e Communication task, Urgency
e Customer support, ease of setup & use
e Charging policy & price
* Environment
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Willingness to pay

N
[=]

-k
(4]

-
{=]

(53]

Number of Selections

Q0 Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10Q11Q12Q13Q14Q15Q16Q17Q18Q19
Quality Classes

Quality Class Q0 Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9

VBR [kBit/s] 128 181 256 362 512 724 1024 1448 2048 2896
Priceplan A [€] 0 0.105 0211 0316 0421 0.526 0.632 0737 0.842 0947

Quality Class Q10 Q11 Q12 Q13 Q14 Q15 Q16 Q17 Q18 Q19
VBR [kBit/s] 4096 5793 8192 11585 16384 23170 | 32768 32768 32768 32768
Priceplan A [€] 1.053 1.158 1.263 1.368 1.474 1.579 1.684 1.789 1.895 2

Q: What has influenced each user decision?

* A. Sackl, P. Zwickl , et al. “The trouble with choice: An empirical study to investigate the influence of charging strategies and content selection on QoE”, IEEE CNSM, 2013.
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Willingness to pay and QoE

e Users who decide to choose (and pay for) high quality multimedia
services tend to evaluate this quality in a different way than if they
are simply offered the same quality levels for consumption

5_

~+= With user decision
—=— Without user decision

N Y

Video Quality [MOS]
%] [ #%]

[y
T

1 2 3 4
Video Quality Levels

Quality is evaluated more positively when preceded by a monetary decision

* A. Sackl, P. Zwickl , et al. “The role of cognitive dissonance for QoE evaluation of multimedia services”, IEEE Globecom Workshops, 2012.
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Why is QoE intelligence so important?

QoE Stakeholders

Service providers Network operators
Network designers Customer support
Marketing teams Sales support
Equipment manufacturers UX designers
Infrastructure planners Service/SW developers
Product strategists SLA negotiators

YOU

» It encompasses the issue of your decision on buying /
retaining a service or giving it up
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QoE intelligence potential

The absolute way to evaluate a service

Possibility to incorporate QoE intelligence in network decisions to
better reflect user perception

Propose innovative algorithms that focus on targeted
QoE Key Performance Indicators (KPls)

QoE-awareness may drive a more resource-efficient network
operation

Improve Customer Experience Management, decrease churn,
build meaningful Service/Experience Level Agreements
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QoS - QoE relationship

Perception Growth

Name Trend Relation Form
Stevens’ Power Law Stimulus-centric E =K OoS? Power
Adopted from Qo QoS
Psychophysics . : L
Weber-Fechner Law Stimulus-centric QoE = k. In{QoS) Logarithmic
Adopted from a . . _ .
e I0X Perception-centric QoE =ae BQoS | ¥ Exponential

Power Relationship

RN AR RN

Stimulus Growth

t

Perception Growth

Logarithmic Relationship

Exponential Relationship

m—f_'- e
=

Perception Growth

T T T 7 & 7T & T = Y1

Stimulus Growth

ﬁ' ."'..'-
[ R B A B B R
Stimulus Growth

*S. Khorsandroo, et al, “A Generic Quantitative Relationship to Assess Interdependency of QoE and QoS”, Ksii Transactions on Internet and Information Systems, 2013.
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Steven’s law

o
1

J Human perception growth as
a function of muscle force

\l
‘ How humans can perceive
\changes in visual length

Human perception as a
function of smell

w
1

b
|

=}
| T

A
PO Y

4
1

N W
Roog i o

.
L

HUMAN PERCEPTION GRONTH (FUNCTION VALUE)

o

L} b ¥ v L] v L v L) v L)

0 2 3 6 8 10
STIMULUS INTENSITY(EXPONENT) P(S) = K + SP

Q: Which one represents muscle force, visual length and smell stimulus?

*S. Khorsandroo, et al, “A Generic Quantitative Relationship to Assess Interdependency of QoE and QoS”, Ksii Transactions on Internet and Information Systems, 2013.
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The 1QX hypothesis

* The subjective sensitivity of QoE is more pronounced the higher the
experienced quality is:
— If QoE is very high, a small disturbance will strongly decrease it
— If QoE is already low, a further disturbance will not be so perceived

Example: This relationship can be motivated considering a restaurant QoE:
If we dined in a 5-star restaurant, a single spot on the clean white tablecloth
would strongly disturb the atmosphere. The same incident would go
unnoticed in a simple tavern...
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The 1QX hypothesis

 The change of QoE depends on its current level
e High QoE => small disturbances strong impact # small QoE => unperceived

Optimum

/ point of

operation

Q: Where is the optimum point of

operation?

QoE = a x e B*Q0S 1y

(negative exponential)

User
disturbed

QoE (MOS value)
w

Region 2
Sinking
1
[ Region 3
distortion up
x1 QoS degradation x2

* M. Fiedler, T. Hossfeld, and P. Tran-Gia, “A generic quantitative relationship between quality of experience and quality of service,” IEEE Network, vol. 24, no. 2, pp. 36—41, Mar-2010.
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Weber Fechner Law

“Just noticeable differences” concept - jnd:

Weight: 100gr distinguished from 105 gr, 200gr distinguished from 210gr
=> 5% is the “Weber fraction”

Observed values need to change by at least some small but constant
proportion of the current value to ensure humans will reliably detect it

Brightness, loudness, numerical cognition, etc.

S8
S7
S6
S5
S4
S3
S2

Sensation Units ‘¥ (JND's)

s1
S0

e |
= e e e I
I I
T :
T lap— kB pi
//' - * —
——A | | k S = I
I | i I
e | i I
Nl | I I
11| | I | .
]1 | | | |
ot —
NI | | | |
0 20 40 60 80 100

Stimulus Intensity

- S
k ln(s—
0

dP = differential change in
perception

dS = differential increase in
the stimulus

S = instantaneous stimulus
So = stimulus threshold

k = constant, experimentally
found
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Research areas

QoE Network Organise
QoE : : Incorporate . o L

Management impairment QoE in LTE-A | dimensioning subjective
rocedure prediction, echanisms & planning for experiments,

P diagnosis QoE combine
procedures Interworking /dentify KPIs\ Quantify user Study quality-

(QoE-aware problem, (Influence perception affecting
routing, resource HetNets Factors) / (impactof stimulus) phenomena

control)

Map QoS to E;St:;:: QDE_I;];:;EESE Diversification Dp::::ifur
SLE LIS agent-based, Charge for ol provider
acceptance 70 "7 among users :
initialisation QoE perspective
Delivery of Security SLAs g?ai:ﬁ;?i?:‘! Consensus
QokE reports, Privacy Certification Ratin sr:.al:'a in QoE
expression  Legal issues Labelling uge g practices
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QoE ESTIMATION
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How can QoE be measured?

» The answer is via: QoE modeling!

Controlled experiments
Real service evaluation <m
Post-service
Streaming/Download
Crowdsourcing

=

QoE Modeling
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Comparison

___Model | Advantages Disadvantages

- Not real-time (requires lab setting), not

reproducible on demand )
] ) ) -> Experiments need to

- Time consuming and expensive

) be conducted under

. - Needs thorough planning => complex . .

+ The most reliable QoE ) o ) strict requirements and

- May be biased by user opinion, assumptions or

measurement model, highly i ) controlled conditions:
.. . unconscious psychological factors .
Subjective accurate and valid ] isolated sound room,
) . - Users may be greedy on their QoE demands and ] )
(controlled) + Ensures uniformity between . dedicated equipment,
o hence evaluations )
subjective scores from L . suitably selected panel
. . - Users’ tiredness and lack/loss of concentration
different laboratories and number of

- Participants may just want to earn money and

. participants, specific
not be concise

duration of signals, etc.
- Difficult for users to discriminate between e.g. :

“Bad” and “Poor” values in MOS scale
+ Automatically predict QoE

. . - Complexity
+ Same input always gives . .
- May not always highly correlate to reality
. .. same output . ) ) . .
Objective - No universal generic quality model available, -> Differ per
+ Bypass the need for a . o o .
(in general) each one has a specific application scope application/service

human panel (the majority)

. - Need continuous validation against subjective
+ May be real-time, may be

data

proactive
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Quality scales

Absolute Mean Opinion Scores (MOS) / comparative

MOS Quality Impairment
5 Excellent Imperceptible 0 Global QoE rating 10
4 Good perceptible Ll Score  Description
3 Fair Slightly annoying = Much Better
2 Poor Annoying - Better
- T 1 5li Bett
1 Bad Very annoying Extremely good ghtly Better
| Very good Y 0 About the Same
R User Satisfaction MOS 1 Good T Best -1 Slightly Worse
Very Satisfied . | Moderate | Very usable 1 High 2 Worse
Satisfied Poor sufficiently usable Medium
» . * -1 —+ —+ -3 Much Worse
Very poor Just usable Low
Extremely poor Unusable Very poor
Nearly All Users Dissatisfied _ _ _

Not Recommended
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Subjective: controlled experiments

. MOS (Mean Opinion Score)

Speech to be assessed | ASSESSINENL | qreec to be assessed | ASSESsment
Listen/Converse | Listen/Converse U -
- = | > [ I
I azzessment vt 1 assezsment il Time
. DMOS (Degradation MQOS)
Aszessment Assessment -
Listening to Listenmg to | | Lastenung to Listenmg o N
reference speech assessed speech | | reference speech assessed speech | ] L)
| 1 assessment umt 1 assessment wmt Time

. CMOS (Comparison MOS)

Presentation order 1= random
Evaluators do not know which speech 1= one to be assessed.

‘1' ¢ Asgessment ‘1' ‘1' Asgessment

Listenmg to Listenmg to Listenmg o Listening o
reference speech assessed speech

" =

assessed speech || reference speech | e

&

¥

a
%

1 assessment umt 1 as=es=ment it Time

¥
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Subjective: real service evaluation

‘) Skype™ - Call quality feedback

@ How would you rate the overall quality of this call?

| “OneClick”

Your feedback will help us make Skype better.

| Time |
. 1 I . 1
frfrfr gy ) xeellent r} I n | r‘ r | r-‘
i \(HHHTHH ) Perfect, dear, no problems 1 .1 a r n — : P J a n —
| I
Appication Quality L4 : 1 1 L [ 1 " -
{ frfrfrdy ) Good | | | | | |
e Minor problems, hardly noticed them
( o \ Fair
g — " Had some problems that affected the call
o b ) Poor User Sats :
. Lo ' Had several problems; really affected the cal I
| verybad Click (Ciic{ Click[ Click ) ( Clic{ Click ) {ciie{ o o (¢ ¢ i click )
" Problems so bad the call was impossible User Feedback

Fun-Q-gMeter

g - —

@ Are you sure you want to remove the selected torrent?

Help your fellow users - rate this before you delete it.

*hhh *| Legitimate! Top quality, Fast download. No malware. A/V 10/10|

! Show this dialog again. [ oK ] [ Cancel ] I
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Subjective: Crowdsourcing

amazonmechanical turk facebook Lab

microWorkers i

- Demographics
- Hardware requirements
- Reliability

Q: Have you

u ever used such

QoE - Test

Q: What is

“outsourcing”

- Software based screening
mechanisms

- Content questions
Reliability checks

- Statistical analyses

processing 3
Phase 2

* T. Hossfeld, C. Keimel, M. Hirth, B. Gardlo, J. Habigt, K. Diepold, and P. Tran-Gia, “Best Practices for QoE Crowdtesting: QoE Assessment With Crowdsourcing,” IEEE Trans. Multimed., vol. 16,
no. 2, pp. 541-558, Feb. 2014.
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[ ]
m'croworkers Blog - API - Successrate - Reputation - Support

work & earn or offer a micro job

Dimitrios Kyriazanos [a2c2f350] ¥ Member 418169 UssmemeChange
£2.56000 on account

g-mis @hotmail. com

m Introduction Create TTV Campaign My TTV Campaigns My Templates “ Best Workers

Available jobs

63 jobs available to you [ running & availzble

+| remove from the list
You should only accept jobs you are capable of finishing.

) use Exclude List

Most paying Latest Best rating Time To Rate (TTR) only Exclude List
) only Include List
All jobs Qualification Testing Mobile Applications Surveys Sign up Click, Search Bookmark Google Youtube
Facebook Twitter Promotion ‘Yahoo Answers Forums Download-Install Comment on blogs Write a review Write an Artide

Blog/Websites Leads Other

Job name Payment Success% TIR  TIF  Done Remove
== Villizmhill: Sign up £0.18 89 7 3 e +
Take a Photo: Office e £0.11 88 3 6 347/100 +
Take a Photo: Car @ $0.20 88 3 10 378/5%0 +
= Twitter Post: Studio C Ruach Nashit @ £0.25 100 7 3 830 Li
Mew Beginning Tw: Sign up @ £0.10 72 7 2 220250 +
Ipol: Sign up + Bonus @ £0.10 100 1 3 10211/1%352 '+
Youtube: Comment 3x (abp) @ £0.12 73 2 3 273300 +
Low Klout Twitter Re-Tweet: #NSBz2ae @ £0.12 100 14 3 47/218 +
Start Your Online Business: Sign up @ $0.10 86 3 3 456/45% +
Project: Sign up £0.10 34 3 3 386/500 +
AB: Sign up + Ask Question £0.20 0 4 5 22/32 L
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Crowdsourcing example 1 (BSc thesis)

* QoE videos\s2b\s2b.mp4 _
Hands on
e QoOE videos\slc\slc.mp4

0:00/1:11
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QoE videos/s2b/s2b.mp4
QoE videos/s2b/s2b.mp4
QoE videos/s2b/s2b.mp4
QoE videos/s2b/s2b.mp4
QoE videos/s2b/s2b.mp4
QoE videos/s2b/s2b.mp4
QoE videos/s1c/s1c.mp4
QoE videos/s1c/s1c.mp4
QoE videos/s1c/s1c.mp4
QoE videos/s1c/s1c.mp4
QoE videos/s1c/s1c.mp4
QoE videos/s1c/s1c.mp4

Crowdsourcing example 1

Video Quality Test

Requirements

We need to test different patterns of delays during video streaming. You can only participate in this test via your computer
with a broadband+ internet connection. Smartphone and iablet users are not eligible

Instructions

1. Watch the entire video A (1:07) located here: hitp//Enyurl.com/jSbyny8
2 Watch the entire video B (1-08) located here: hitp:/Ainyurl com/zxafqib
3. Answer the following questions honestly.

important.
Users who did not watch the video clips in their entirety will not be compensated.

Which of the following animals did you see in the clips?
Frog "l

Birds I

pPantner £

Ants ©
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Crowdsourcing example 1

Video Quality Test

Requirements

We need to test different patterns of delays during video streaming. You can only participate in this test via your computer
with a broadband+ internet connection. Smartphone and iablet users are not eligible

Instructions

1. Watch the entire video A (1:07) located here: hitp//Enyurl.com/jSbyny8
2 Watch the entire video B (1-08) located here: hitp:/Ainyurl com/zxafqib
3. Answer the following questions honestly.

important.
Users who did not watch the video clips in their entirety will not be compensated.

Which of the following animals did you see in the clips?
Frog lX

Birds I

pPantner £

Anfs
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Crowdsourcing example 1

How many stalling events (frozen video) did you notice in video A?

9 s WON = O

How many stalling events (frozen video) did you notice in video B?

OB WON SO

Would you say that your viewing experience was better for A, B, or about the same?
A®

B

About the same ©

How would you rate the quality of the video stream in A?
1 - Terrible €

2-Bad

3 - Average
4-Good ©
5 - Excellent

How would you rate the quality of the video stream in B?
1 - Terrible €

2-BadC

3 - Average
4 - Good

5 - Excellent ¢
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Crowdsourcing example 1

How many stalling events (frozen video) did you notice in video A?

0
X

20

a0

50

How many stalling events (frozen video) did you notice in video B?
0

10
2X
3B

5

Would you say that your viewing experience was better for A, B, or about the same?

( a2
B
ut the same ©

How would you rate the quality of the video stream in A?
1 - Terrible

2-Bad

3 - Average

4 - Good

5 - Excellent

How would you rate the quality of the video stream in B?
1 - Terrible ¢

2-BadC

3 - Average

4 - Good

5 - Excellent ¢
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Crowdsourcing example 1

12

10

Instances of higher
perceived quality
Ecy (o3} (o]

rJ

About the same B

Video ID

1 stalling of 6s vs 2 stallings of 3s each
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Crowdsourcing example 2

* QoE videos\357\357.mp4
* QoE videos\753\753.mp4

The purpose of this test is to assess whether
users are more negatively influenced by their
first impression of the clip or by the residual
effect that the last part of the clip left them.
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QoE videos/357/357.mp4
QoE videos/357/357.mp4
QoE videos/357/357.mp4
QoE videos/357/357.mp4
QoE videos/357/357.mp4
QoE videos/357/357.mp4
QoE videos/357/357.mp4
QoE videos/753/753.mp4
QoE videos/753/753.mp4
QoE videos/753/753.mp4
QoE videos/753/753.mp4
QoE videos/753/753.mp4
QoE videos/753/753.mp4
QoE videos/753/753.mp4

Crowdsourcing example 2

* http://gain.di.uoa.gr/kyr/357/qgoe.html
* http://gain.di.uoa.gr/kyr/753/goe.html

Descending vs ascending quality

About the same

= — —
P iy n

Instances of higher
perceived quality

=] W8] - [=)] @

Video ID
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Electroencephalography (EEG)

 Human influence factors (HIFs) characterize the user’s perception,
emotional and mental state with respect to a service

— Facial expressions, body posture, voice, eye measurement,
electrocardiography (ECG), electrodermal activity (EDA)

— EEG measures electrical activity in the brain

Electroencephalogram (EEG)

I 1st Block I 2nd Block 1

* http://myscienceschool.org/index.php?/archives/3208-
What-is-Electroencephalography-EEG.html

* R. Gupta, K. Laghari, H. Banville, T. H. Falk, “Using affective brain-computer interfaces to characterize human influential factors for speech quality-of-experience perception modelling”,
Human-centric Computing and Information Sciences, 2016.
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Objective: evaluation methods

Input
l‘Reterence
_______ |
° 17- |
Media-layer s | o] %
moae .
Q: Why is this difficult/impossible to estimate
implement in a real-time network? Y
Output
Input
* Packet-layer / l
. Network Packet-layer | QoE
Bitstream > model [ >
\J
Output
Input
l . QoE
Parametric
. N k |
* Parametric ewer "|  model [

planning

l

Output
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Objective: evaluation methods
T

- Require the reference signal (intrusive)

. o . - Very high computational effort
+ Do not require any a-priori knowledge or assumptions about . . . . . .
- Practically impossible to implement at network midpoint

Full Reference the underlying network

Media-layer:

- Do not enable insight into the internal system functionality &
degradation causes (black-box) => diagnosis not possible
- Neglect human dimensions, pure technical

(e.g. PESQ) + Highly accurate and robust (based on psycho-acoustics)

+ Ease of use and respect of privacy

+ The network is characterized by the technical specifications - Intended only for the planning phase of a system (extended format)
of its constituent elements, (non-intrusive approach ) - Good in theory, but difficult to include all the model parameters
CETE e EL LIRS + Quantifies the human factor through the “Advantage online

factor”, & contextual factor - Accurate only under strict application scenarios: new subjective
E-model + Mouth-to-ear complete transmission chain => conversational tests and regression analysis needed for different conditions

+ No restrictions on the network with respect to size, - Speech independent

configuration, hierarchy, technology used, nor on the - A-priori information requirement

components of the network

- Not standardized, models need to be created that comply with

+ Enables insight into the internal system functionality (glass- .
these recommendations

box)

L . - The model doesn’t know the characteristics of speech content to
+ Light in terms of computational effort

. . . . . evaluate (speech level, echo, background noise etc.): assumes a
Packet-layer: + Multiple monitoring points help identify the root of a . .
generic voice payload

- Only concerns impairments on the IP network (no end-to-end
evaluation)

- Large volume of QoE data

- Models deployed require strict conformance testing

network impairment

ITU-T P.564 + Used not only for speech quality predictions but also for the
production of diagnostic outputs

+ In-service, non-intrusive (privacy)

+ Quality followed and pooled over time
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How can QoE KPIs be monitored?

Monitoring probe / user agent

QoE
CONTROLLER

Operator’s

database

()
[:@ Metrics estimation & design parameters
[@ User feedback application

=

Control packet

IP packet

Intrusive
signal

Small-cell

Base Station
Active probe -

/
@ a Non-intrusive ~ Basy
signal
Source

* E. Liotou, D. Tsolkas, N. Passas and L. Merakos, “Quality of Experience in Mobile Cellular Networks: Modeling, Provisioning and Key Challenges”, IEEE Communications Magazine , Network &
Service Management Series, July 2015.
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Examples of parametric models

> VoIP: =94.2 —[0.024d + 0.11(d —177.3)H(d — 177.3)] —

11+ 40In(1+ 10
| ( pg\ packet loss rate delay
> YouTube (TCP): QoE = 3.5 * e~ (0-13L+ 0'19)*% 1.5
duration of stalls #of stalls

» HTTP Adaptive Streaming (TCP): QoE = 0.003 * eO'Ofﬁ;t + 2.498

time on highest quality level

» Real-time video (UDP): V, = 1 + I 54ing * Itransmission
FR, BR, PLR

> FTP: QoE=aloglO(ﬂl& 10kbps < R < 300kbps

data rate
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A. ITU-T G.107 “E-model” for voice

 Computes the transmission quality of VolP by estimating the mouth-
to-ear conversational quality as perceived by the receiver

* A parametric model that produces the so-called Rating factor R:

MOS
14 [

i

R=RO—IS—Id— Ie—eff+A

1.0 20 30 40

T T T T T T
0 20 40 60 80 100

R

R, = basic signal-to-noise ratio, R, = 100

|, = impairments due to the voice signal travelling in the network
|, = impairments caused by delay from end-to-end travelling signal
l..o¢t = €quipment impairment factor & impairments due to packet loss

VV V VYV V

A = advantage/expectation factor, in exchange for some user benefits or
other factors difficult to quantify
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E-model: simplified version

R=Ry—1Is—1Ig— I, o5 +A

* Under specific assumptions, the model may be simplified:

o I = default values, A > neglected delay = dnetwork + dcodec + dde-jitter_buffer
=>R= 942 — 15— I, ¢f yrd

o Iq =0.024d + 0.11(d — 177.3)H(d — 177.3) > G.107

O le—err =11+ 401In(1 + 10e) - G.113

o G.729a codec -~

packet 10SS = enetwork + €de-jitter_buffer

o more...

e Then, R[0..100] is mapped to MOS [0..5]
» Purpose: monitoring the conversational voice quality

MOS
10 20 30 40

| I T T N N O

| 1 ! 1 | 1
» Delay & Packet loss are isolated 0 20 40 60 80 100

* R. G. Cole, J. H. Rosenbluth, “Voice over IP performance monitoring,” ACM SIGCOMM Comput. Commun. Rev., vol. 31, no. 2, p. 9, 2001. R
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E-model: simplified version
R=Ry—Ig—Ig— lo_ess+ A
R =942 —0.024d — 0.11(d — 177.3)H(d — 177.3) — 11 — 40 In(1 + 10p)

delay packet loss rate
40 T T T T T T T 5
O 20
Qmmm——— -r"""'r_—_— I I I I I 3
0 50 100 150 200 250 300 350 40
One-way delay (msec)
60 T T T T T T

le-eff

[
0 0.02 0.04

[ [ [ [ [
0.06 0.08 0.1 0.12 0.14 0.‘?6
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B. ITU-T G.1070 “E-model” for video

A computational model for point-to-point interactive videophone
applications over IP networks (UDP-based - lossy video)

Network, Application & Terminal parameters incorporated
Video quality =

Vq =1+ Icoding * Itransmission
Icoaing = the video quality affected by the coding distortion

Lransmission = the video quality affected by the transmission
process
Ultimately everything is a function of:

* the video frame rate (fps) - FR

* the video bit rate (kbps) - BR

* the video packet loss rate - PLR

e 12 coefficients
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C. QoE for YouTube

Buffering concept

3
2,5
Threshold: Startplaying T
"E"' 2_ : !!!: .j = 1$I_ -l
- 2y R EY 3 |
— +I|_ : ::1 r 15 : 11[ z
] : e : . i
£ 1,5 I : 3 Et—f
o [ R T, Yo;
bt I'Ei : i z Y ;{
= 1 - %ﬁﬁ e - Stalling
- . o « TUNMNINE
gh i ke
0.5 : ' 2
j Threshold: stalling
5 .
0 ! 10 20 30 40 50
Initial Delay time (sec)

Q: Why does a stalling happen?
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QoE for YouTube

* Video on Demand (VoD), TCP-based connection (no losses)
e Quality influence factors (by crowdsourcing & lab tests):
» Number of stalling events, N
» Duration of stalling events, L
» Total video duration, T (total stalling duration over video duration)
> Initial delay (video start-up delay) = cache redirections’ impact
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QoE for YouTube

* Some conclusions:
» The user demographics have no significant influence (!)

» Initial delays have almost no influence on MOS for videos of
duration 60s and 30s compared to the influence of stalling

length Q: Is this your impression too?

» The user ratings are statistically independent from video
motion, type of content, the usage pattern of the user, access
speed, etc.

» The number of stalling events together with the stalling length
are clearly dominating the user perceived quality

» The video duration only plays a role if there are only a very few
stalling events

XAPOKOMEIO MANENIZTHMIO — TMHMA NAHPO®OPIKHZ KAl THAEMATIKHZ 51




QoE for YouTube

IQX hypothesis validation:

QoE(L,N) = a e BN 4 Y,
a=3.5 B(L)=015L+019, y=15

5 r T T T T T 5 T T
—L=1s single stalling event, V=60s
L ——L=2s|]
- L=3s 9,,(L)=3.500 &”7®-41.500
al L=4s || 4 1
length L of
35} single stalling event
w w
(@] Q3
= 3l =
QoE model with V=30s
o5l f(L,1)=3.50 e 1514019, 1 50
2 -
ol single stalling event, V=30s
g,,(L)=3.500 ”2%%5+1.500
-I .5 Il Il 1 1 1 1 1 1 1
0 1 2 3 4 5 6 4 B 8
number N of stalling events stalling length L (s)

* T. Hossfeld, R. Schatz, E. W. Biersack, and L. Plissonneau, “Internet Video Delivery in YouTube: From Traffic Measurements to Quality of Experience,” in Data Traffic Monitoring and Analysis,
Eds. Springer Berlin Heidelberg, pp. 264—301, 2013.
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D. QoE for file download services

e Elastic service, for which the utility function is an increasing, strictly
concave, and continuously differentiable function of throughput

* The user satisfaction of a file transfer service is solely dependent on the
provided data rate

* Logarithmic relationship between MOS and throughput:

1, R < 10kbps
MOS =<{alog1o(BR), 10kbps < R < 300kbps
4.5, 300kbps < R
> R is the data rate of the service s
> o and B obtained from the upper and lower g

user perceived quality expectations

* S. Thakolsri, S. Khan, E. Steinbach, and W. Kellerer, “QoE-Driven Cross-Layer Optimization for High Speed Downlink
Packet Access,” J. Commun., vol. 4, no. 9, 2009 0 50 aRate (elobiis/agia 200
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E. Netflix — challenges

* Understanding the impact of QoE on user behavior (compression artifacts,
scaling artifacts, rebuffering rate, bitrate, etc.)

* Creating a personalized streaming experience

* Determining what movies and shows to cache on the edge servers based
on member viewing behavior

* Improving the technical quality of the content using viewing data and
Nl R leEldd Q: How could Netflix infer that something is wrong?

---------- Content Quality ---------45 Cache Optimization QoE Metrics User Behavior
| | 1 |
I 1 i 1
q i | N 4 i )
1 1 I ]
Encoding Quality Checks Open Connect Device
CDN Netflix App
~—Studio — ~ Netflix g ~————Member ——

* https://medium.com/netflix-techblog/optimizing-the-netflix-streaming-experience-with-data-science-725f04c3e834
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Other QoE metrics

DMQOS=82 Wi o 0 ' DMOS=27

DMOS=58

79
PSNR=34dB

Q: Does this or... o= Q: this look better?
' 2, a4 s

1o {{

DMOS is 100 for the reference video
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Netflix Video Multimethod Assessment Fusion
(VMAF) quality metric

VMAF Daala_PSNRHVS
(SRCC: 0.953, PCC: 0.963, RMSE: 9.277) 70(SRCC: 0.845, PCC: 0.839, RMSE: 18.537)

120

N i

50| e

80 _ .......... __________ _____ B P S i

Predicted Score
Predicted Score

40_ __________ g ' __________ __________ _________ 4 30 _..‘_... ________ raeneees _________ ]

" i L ; i : 10 : i ; i i .
20 0 20 40 60 80 100 120 20 0 20 40 60 80 100 120
DMOS DMOS

Q: Which one is better and why?

* https://medium.com/netflix-techblog/toward-a-practical-perceptual-video-quality-metric-653f208b9652
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Augmented reality

* |taims to "enrich" our world by inserting a layer of digital information
between our eyes and the environment

11/25/2025 NKUA, DEPARTMENT OF INFORMATICS & TELECOMMUNICATIONS



Virtual reality

* |t tries to “transfer” the user to a world different from the real one

11/25/2025 NKUA, DEPARTMENT OF INFORMATICS & TELECOMMUNICATIONS



QoE in immersive services

Up

* Feeling of “presence”

* Motion sickness

>f
Back ad

AYaw

* 6 degrees of freedom

> Forward
Rtght‘

* Stereoscopic impression

* Delay / Non-synchronisation

Down

* Image distortion

* Image freezing
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SOS — The MOS is not enough

e Standard deviation of Opinion Scores (SOS)

* Reflects the level of rating diversity

* A square function of MOS - SOS hypothesis

* No diversity at the edges and maximal diversity at MOS = 3

1.4 0.35
1.2t gaming
0.3
1 L
0.8 web
N(f) a 5
@]
7))

0.6}

0.4}

0.2}

0

i1 15 2 25 3 35 4 45 G&para’’

MOS
* T. Hossfeld, R. Schatz, and S. Egger, “SOS: The MOS is not enough!,” in 2011 Third International Workshop on Quality of Multimedia Experience, 2011, pp. 131-136.
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QoE MANAGEMENT
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QoE management framework

OBIJECTIVE:

CENTRAL QoE MANAGEMENT ENTITY

Enable a QoE-centric
oo network management
o
MONITOR MANAGER (5a) framework to:

Network specific control ] 1. Monitor the end-

Appropriate QoE
& optimization use rs' QOE

estimation models

CONTROLLER :
------------------------- 5b
Periodical ( ) .
e | 2. Enhance their
Conditional i .
""" (1)-(2)-(6) experience

collection & feedback

Network specific
mechanisms

3. Improve the
network’s efficiency
(spectrum, energy)

* E. Liotou, D. Tsolkas, N. Passas and L. Merakos, “Quality of Experience management in mobile cellular networks: Key issues and design challenges,” IEEE Communications Magazine, Network &

Service Management Series, July 2015.
XAPOKOTMMEIO MANENIZTHMIO — TMHMA NAHPO®OPIKHZ KAl THAEMATIKHZ 62

NETWORK



EXTRA SLIDES
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QoE research stages & management

Goal: Optimize end-user QoE, while making efficient use of network
resources & maintaining a satisfied customer base

M
-9 Function1l |[o ‘ Function2 |[ ll) ‘ Function3 | [ n #---
: A c
G T
T N I
0] .

QoE Controller, j QoE Monitor 0 QoE Manager | O
(data collection) I (modeling) ? (control) l;

. s
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Realization issues

Selection of the physical/virtual location of the QoE management
framework inside the operator’s infrastructure

Identification of required QoE data sources, configuration of data
collection periodicity, signaling between network and QoE-
Controller

Selection of appropriate QoE models and KPIs for the QoE-Monitor

Traffic/service classification performed in the QoE-Monitor,
especially in the content-encrypted domain

Network-specific type of decisions taken by the QoE-Manager and
their actualization through the QoE-Controller
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Improving QoE — Admission control

AREA OF ACCEPTABLE QoE

%)

o

Y P s W g

)

= .

(=g AREA OF NON-ACCEPTABLE QoE '-_ f“ QoE Manager triggers

g 3 ey e corrective actions in -
‘i 2 the Network

2 25l Monitored system QoE '-_ i
3 < less than the LI

§ acceptable QoE .

8 ok threshold (=3.5) 2 i
c -

g . ans®h

= .

15| === With QoE-management framework
""" Without QoE-management framework

.
Tanvaag

1 [ [ [ [ [ [ [ [ [

Progress of time
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Improving QoE — Admission control

=1
: flow 30 flows &0 90
. G4 flows
4 — o —
QoE-based
admission .
triggerred by the . 130 flows onwards
~ 3.5— \ |
8 QoE Manager o e
Z :
@ :
3 3p 5 g
= .
L H
£ :
o H
S 251 : .
(3] . u
) e Without QoE-management, .
;_: UEs served by the small-cell .
2% . :
=) o With QoE-management, .
A UEs served by the small-cell 0
With QoE-management, 0
p— UEs non-admitted by the
15 small-cel], served by the
macro-cell 0
1 [ [ [ [ [ E [ [ [ [ [ [ [ [ [
80 90 100 110 120 130 140 150 160 170 180 190 200 210 220

Number of total concurrent VoIP flows in the system

* E. Liotou, D. Tsolkas, N. Passas and L. Merakos, “Quality of Experience management in mobile cellular networks: Key issues and design challenges,” IEEE Communications Magazine, Network &
Service Management Series, July 2015.
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The impact of fluctuations on QoE

Novel downlink-
throughput

related KPIs have

to be developed

for proper QoE-

based evaluation

\ Google Maps - Fluctuating DBW provisioning

" Constant
W Fluctuations

8-16/0 Mbps 4-7/1 Mbps 2-4/0 Mbps
Downlink Bandwidth (Mbps)
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OTHER QoE CHALLENGES IN MOBILE
NETWORKS




Key challenges in the QoE domain

QoE integration in communication
networks
4 ™

Technical challenges

. J
4 )

Economic challenges

\_ J
4 )
Legal issues
\_ J

QOE needs to be managed on a per-user, per-application, and per-
terminal basis in a real-time way
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Technical challenges

* Monitoring: Network-centric vs. user agent-based approaches
» Agent-based:
+ Capture the HUMAN, CONTEXT, and WIRELESS medium aspects
- Do not offer diagnosis information
- Depend on manufacturer, not scalable
- Privacy, security, energy concerns
e Scalability & complexity issues
» QoE feedback, control and modeling per user session
* Network diversity

» Different operators or vendors, networks, mobile technologies (e.g., 3G or
4G), or even different countries or continents

* Energy consumption

» QoE-awareness and provisioning: monitoring, signaling, processing, memory
requirements, new network entities
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Economic challenges

QoE estimation may heavily depend on the expected price itself!

QoE +——
QoS —| Charging |— price !

‘ \ QoS Charging |— price
demand ‘
demand «———

Charging for QoS vs. charging for QoE
q=QoS, p=price, d=demand

price function: p =p(q) demand function: d = d(p)

demand function: d = d(p) QoS function: q =q(d)

QoS function: q =q(d) price function: p = p(x)
QoE function: x = x(q,p)

* P. Reichl, P. Maillé, P. Zwickl, and A. Sackl, “A Fixed-Point Model for QoE-based Charging,” in the ACM SIGCOMM 2013 Workshop on Future Human-Centric Multimedia Networking (FRMN
2013), Hong Kong, 2013.
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Legal challenges

* Network Neutrality
» “Quality” may be considered as a public good
» Differentiation/prioritization may be legally not allowed
* Double selling
» Sold as an add-on service to existing network connections?
» How profits will be distributed to involved parties?
* Service/Experience Level Agreements (SLAs/ELASs)
» Define the delivered quality in terms of QoE
» Find a “common vocabulary”
* Agreements among operators
» Collaborations, especially at interconnections
» Violations’ responsibility and handling
* Privacy and fidelity
» Transfer of user-sensitive information in an end-to-end path
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SYNOPSIS
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Revision

* The multidimensional definition of QoE

* The relationships between QoS and QoE

* QoE modeling evaluation methods

* QoE management required building blocks
* QoE exploitation possibilities

* Main challenges
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Thank you!
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