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e Background and motivation
e Proposed methodology
e Progress since ITU-T SG12 C470 (April 2020)
o New comparison results with BT.500 / P.913
o Interpreting the limitations of BT.500 / P.913
o Update on the calculation of confidence intervals
o Runtime analysis
e |ITU Proposals




Raw opinion scores are noisy and unreliable
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e Would MOS or DMOS be good enough?
e Corrective mechanisms

o Subject outlier rejection

o Subject bias removal

*NFLX Public Dataset




Prior Art: Subject Outlier Rejection (ITU-R BT.500)

For each test presentation, calculate the mean, ujkr, standard deviation, Sjk, and kurtosis coefficient,

Bajkr, where Bjkr is given by:

N
Z (uijkr - uijkr)x
My i=1

Bojgr = —> with m, = 5)
2 x
(m3) N
For each observer, i, find P; and Q;, i.e.:
forj,k,r=1,1,1toJ, K, R
if 2 < Byjgr < 4, then:
ifuijerL_ﬁkr+2Sjkr thel’lPi=Pi+1
if wjer < ey — 2 Sjiy then 0;=Q; +1
else:
if wijkr > g, +20 Sy, then Pi=P;+ 1
if wikr < iy —\20 Sy, then Qj= 0+ 1
If hro >0.05 and A0 0.3  then reject observer i
J-K-R 10,
with:
N: number of observers
J: number of test conditions including the reference
K: number of test images or sequences
R: number of repetitions
L: number of test presentations (in most cases the number of presentations will be

equal to J- K - R, however it is noted that some assessments may be conducted
with unequal numbers of sequences for each test condition).
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Video by video, the algorithm
counts the number of
instances when a subject’s
opinion score deviates by a
few sigmas (i.e. std’s)
Subject by subject, if the
occurrences are more than a
fraction, reject the subject
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Limitations of BT.500-Style Subject Outlier Rejection

Raw Opinion Scores (u;)

Subject bias

Test Subjects (i)
[
w

Black: lowest score 25

Last 4 tli
White: highest score ast 4 are outliers

40 50
Video Stimuli (j)

e All scores corresponding to rejected subjects are discarded - an overkill
e Often only identifies a subset of outliers
o Inthe example above, only subjects #26, #28, #29 were rejected”*
e Hard-coded parameters / thresholds:
o Not very interpretable
o May not be suitable for all conditions
*To be discussed in a later slide why only 3 out 4 outliers detected




Prior Art: Subject Bias Removal (ITU-T P.913)

First, estimate the MOS for each PVS:
1olj
My, =7 B0
where:
o; is the observed rating for subject i and PVS j;

I;  is the number of subjects that rated PVS j;

My ; estimates the MOS for PVS j, given the source stimuli and subjects in the experiment.

Second, estimate subject bias:

Ha, = Zﬁ; (Oij - Hw}.)

where:

Ma; estimates the overall shift between the ith subject's scores and the true values (i.e., opinion

bias)

Ji  is the number of PVSs rated by subject i.

Third, calculate the normalized ratings by removing subject bias from each rating:
Tij = O0ij — Ha;

where:

rj  is the normalized rating for subject i and PVS ;.

MOS and DMOS are then calculated normally. This normalization does not impact MOS:
1 olj 1 @lj
My =72 Ty =7 20 0
where:
My, estimates the MOS of PVS ).

Test Subjects (i)

Video by video, estimate MOS by
averaging over subjects

Subject by subject, estimate subject
bias by comparing against MOS
Video by video, estimate MOS again
based on bias-removed opinion
scores (often combined with
BT.500-style subject rejection)
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Can we do better?



Can we do better?

® Insight #1:

O The subject outliers do NOT have to be rejected as a whole
o Instead, we can model them as having large “inconsistencies”
m  “Soft” rejection
m Avoid hard decision and hard coded parameters
e Insight #2:
o The subject bias removal and subject outlier rejection do NOT have to
be carried out in separate steps, which leads to sub-optimality
o Instead, we can incorporate “bias” and “inconsistency” in one model
and jointly solve the model parameters in one step
e Our proposal:
o A simple yet effective model to account for:
m Subject bias
m Subjectinconsistency
e Outliers as a special case with very large inconsistencies
o Jointly solve the model parameters via maximum likelihood estimation (MLE)




Other Considerations (for Standardization)

»?

v e

Reality L Model
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® Strike a delicate balance between reality and model simplicity
o Other candidates:
m PVS/Content ambiguity [Janowski&Pinson’15, Li&Bampis’17]
m Environmental influences
m Continuous vs. discrete scales [Janowski et al’19]
m Fringe effect of scales

O The proposed model accounts for two of the most dominant effects
m Subject bias
m Subjectinconsistency




Other Considerations (for Standardization)

Old Standard 1 New Standard
(e

® For easy acceptance, new standard should NOT be a paradigm shift
O A good approach is to encompass prior standard as a special case

® Solution must be intuitive
o Each model parameter should carry explicit meaning
o Each solution step should be highly interpretable

® Solution should be widely applicable to different subjective methodologies
o ACR/ACR-HR
o DCR(DSIS)
o Continuous (DSCQS) / discrete scales

® Solution should be fastand stable




Outline

e Proposed methodology




Proposed Model*

Raw
Opinion True Subject
Score Quality Inconsistency

Uijr| = ¢ + Ai +vi X

Ul.jr - Opinion score of subject i, stimulus j and repetition r
zpj - true quality of stimulusj
Ai - bias of subject i

v, - inconsistency (std) of subject i
X - i.i.d. normal random variables, X ~ N(0, 1)

*The model is a simplified version of [Li&Bampis’17] without considering the ambiguity of content.
Compared to the original, the solution to the simplified model is faster and more stable.




Solving the Model Parameters via Maximum
Likelihood Estimation (MLE)

e Given raw opinion scores {U "

e The taskis to solve for the free parameters 0 = ({2/}} {A }, {v })
e Define log-likelihood function /(0)

[(6) = log P(Uijr [{¥j}, 1A}, {vi })

e Numerically solve to maximize the log-likelihood function

§ = arg max[(9)
e Example problem size:
o # observations: 300 (stimuli) * 30 (subjects) = 9000
o # parameters:

m True quality scores 300
m Subject bias 30
m Subjectinconsistency 30




Proposed Solver

1. Video by video, estimate MOS by
averaging over subjects
2. Subject by subject, estimate subject

Input: . . .
O uyj for subjecti =1,..., I, stimulus j = 1,...,J and repetigs6h r = 1,.. ., bias by comparing agalnSt the MOS
o Stop threshold 1", .
Initialize {,} « {MOS;}, where MOS; = (Z;r 1)~ Ty sy In a loop:
Initialize {4;} « {BIAS;}, where BIAS; = (3, 1)~ ¥, (i — MOS)). a. Subject by subject, estimate
Loop: subject inconsistency as the std
o WP} < )} P 1R of the residue of raw scores
© B lgr— Wy ML= Lo i Sl ST = dovas : b. Repeat step 1 (with weighting).
o v < oyfer}, where o€y} = (X D7 Xjr(6ir — €)° — €2 and € = c. Repeatstep 2
(erl)‘lzjreijr,fori=1 ..... I. ) . .. .
o B e (Bo o) Bap vty — 49, forj = ... d. If solution stabilizes, break
-1 3
o 4;« (er 1) er(uijr - l[J}-), fori=1,..., L. Raw Opinion Scores (u;)

0

) If\/2§=1(¢j — P PT")2 < Pt break.
Output: {y;}, {4;}, {vi}-

5

=
o

Test Subjects (i)
=
w

20

Alternating Projection (AP) Solver

N

30 40 50 60 70
Video Stimuli (f)




Proposed Solver - Interpretation

® Strong intuition behind the updating steps

” True quality are weighted by “subject consistency”
2 — A
W = Zir(uiir 4:) (U{z) after the subject bias (A) is removed. The
! Zirlgi‘z “subject consistency” is the inverse of the
“Subject (squared) subject inconsistency (v ).
Consistency”
A = 2jr(Uijr —¥)) Subject bias (A) as the mean of the opinion
l
er 1 scores after the true quality (y.) removed.
J

Subject inconsistency as the standard
deviation of the estimation residue (¢).

Uy = Gi{fijr}

® P.913 subject bias removal is a special case of the proposed solver in the
following sense:
o The P.913 solver is not iterative
o The true quality in P.913 is not weighted by “subject consistency”




Summary of Each Method Compared

e BT.500 - keep or reject subjects
e P.913 - remove subject bias, keep or reject subjects
e Proposed AP - weigh subjects by consistency




When Will the Proposed Method Be Most
Valuable?

e When faced with uncertainties

Crowdsourcing

Cross-lab study

Analyzing a new technology

New rating scale may confuse subjects

Inexperienced person designing the test

Media contain multiple confounding impairments

Distracting test environment

Unusual experiment design may have unintended consequences
e When BT.500 and P.913 give contradictory subject rejections

O O O 0O 0O O O O




Outline

e Progresssince ITU-T SG12 C470
o New comparison results with BT.500 / P.913
m Scatter plots between proposed and BT.500/P.913
m Analyze a crowdsourcing dataset: correlation with partial data
m Cross-lab study on VQEG FRTV Phase | datasets




Scatter plots:
Proposed AP vs. BT.500
Proposed AP vs. P.913



Recovered Quality Score - Proposed vs. BT.500/P.913

VQEG HD3 (Lab Study)

BT.500 (SR_MOS)
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Recovered Quality Score - Proposed vs. BT.500/P.913
Quality Variation 2017 AGH TV Dataset (Lab Study)
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Recovered Quality Score - Proposed vs. BT.500/P.913
Cl Study 1st Wave Dataset* (Crowdsourcing Study)
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*The 1st wave dataset is a small pre-test, with certain PVSs having only one raw score.



Recovered Quality Score - Proposed vs. BT.500/P.913
Cl Study 2nd Wave Dataset* (Crowdsourcing Study)
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*The 2nd wave dataset is a large test with a minimum 108 scores per PVS.



Observations on the correlation between the
proposed and BT.500 / P.913 methods

e Forlab results, the recovered scores from the proposed and
BT.500/P.913 are highly correlated

e For crowdsourcing results, the recovered score from the proposed
and BT.500/P.913 can deviate, but will improve as the subject size
increases



Analyze a crowdsourcing dataset:
Scheme X with y% data,
vs. Scheme X with 100% data

X =BT.500, P.913, Proposed
y =50, 25, 10



Cl Study 2nd Wave Dataset* (Crowdsourcing Study)
100% Data vs. 50% Data
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Cl Study 2nd Wave Dataset* (Crowdsourcing Study)
100% Data vs. 25% Data
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Cl Study 2nd Wave Dataset* (Crowdsourcing Study)
100% Data vs. 10% Data
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Observations on the correlation between scores
recovered from the full data and partial data

e On the crowdsourcing dataset we have tested, the proposed AP
method is doing better (yielding higher correlation and lower
variance compared to the final score) than P.913, and P.913 is doing
better than BT.500.




Analyze VQEG FRTV Phase | Datasets:
Cross-Lab Comparison



VQEG FRTV Phase | Datasets

e Four datasets:
o 525 Line Low
o b25Line High
o 625 Line Low
o 625 Line High
e Intotal 8 labs participated in the test
e Each dataset is evaluated by 4 of the 8 labs
e We evaluate the resulting Pearson Linear CC (PLCC) across labs



https://www.its.bldrdoc.gov/vqeg/projects/frtv-phase-i/frtv-phase-i.aspx#:~:text=FRTV%20Phase%20I%20is%20the,line%20and%20525%2Dline).

PLCC Across Labs
VQEG FRTV Phase |l - 525 Line Low

Lab 1 4 6 8 Lab 1 4 6 8 Lab 1 4 6 8

1 1.0 0.944 ]0.9438 (0.9485 1 1.0 0.9504 |0.9427 (0.95 1 1.0 0.9523 |0.9492 0.9588

4 1.0 0.9577 |0.9411 4 1.0 0.9556 |0.9406 4 1.0 0.9574 10.9454

6 1.0 0.9443 6 1.0 0.9447 6 1.0 0.9487

8 1.0 8 1.0 8 1.0
BT.500 P.913 Proposed AP

Colored: Best among three methods




PLCC Across Labs
VQEG FRTV Phase | - 525 Line High

Lab 1 4 6 8 Lab 1 4 6 8 Lab 1 4 6 8

1 1.0 0.8908 |0.9002 |0.9151 1 1.0 0.8889 |0.903 (0.9063 1 1.0 0.9068 (0.9118 |0.9155

4 1.0 0.8815 |0.8505 4 1.0 0.8679 |0.834 4 1.0 0.8763 |0.8231

6 1.0 0.8756 6 1.0 0.8747 6 1.0 0.8331

8 1.0 8 1.0 8 1.0
BT.500 P.913 Proposed AP

Colored: Best among three methods




PLCC Across Labs
VQEG FRTV Phase |l - 625 Line Low

Lab 2 3 5 7 Lab 2 3 5 7 Lab 2 3 5 7

2 1.0 0.7435 |0.913 (0.9149 2 1.0 0.7649 |0.9084 (0.9043 2 1.0 0.8149 (0.9264 |0.923

3 1.0 0.8125 |0.7055 3 1.0 0.8408 |0.7559 3 1.0 0.875 |0.8047

5 1.0 0.9004 5 1.0 0.9055 5 1.0 0.9184

7 1.0 7 1.0 7 1.0
BT.500 P.913 Proposed AP

Colored: Best among three methods




PLCC Across Labs
VQEG FRTV Phase | - 625 Line High

Lab 2 3 5 7 Lab 2 3 5 7 Lab 2 3 5 7

2 1.0 0.7904 |0.8538 (0.8182 2 1.0 0.7646 |0.7949 (0.7377 2 1.0 0.8296 |0.8184 0.8004

3 1.0 0.818 |0.8363 3 1.0 0.8263 |0.8341 3 1.0 0.8254 |0.8604

5 1.0 0.8694 5 1.0 0.8495 5 1.0 0.8742

7 1.0 7 1.0 7 1.0
BT.500 P.913 Proposed AP

Colored: Best among three methods




Observations from VQEG FRTV Phase | Dataset

e Statistically, the proposed AP method yields better consistency
(higher PLCC) across labs than BT.500 and P.913




Outline

e Progresssince ITU-T SG12 C470

o Interpreting the limitations of BT.500 / P.913




NFLX Public Dataset
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Subject Bias (4;)
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Subject Bias (4;)
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—0.75 A

For each test presentation, calculate the mean, ujkr, standard deviation, Sjk, and kurtosis coefficient, Subject Inconsistency (v;)

1.0 4
Bajkr, where Bjkr is given by:

mmm Proposed (AP)
0.8 - H

0.

N 6
s X
m > iy — i) 0a
— 4 : i=1 ’
Bosgr = —— with my =3 — 5
R )2 x 7 ®) 55
L B o o e s o P o e M e G S 4 B ps s oo

o

[N)

=)

For each observer, i, find P; and Q;, i.e.: Subject Rejec

forj r=1,1,1t0/, K. R o ==k sPEEAN i1
if 2 < Byjgr < 4, then: =i Ii ii H I
if wjjer > gy + 2 Spiy then P; = P; + 1 RejeCted 04 lI || || I
02
if Ujjker < ’ﬁkr -2 ‘Sjjkr then 0;=0; +1 00 II ||
else: FERRRRRRR I DI RN IIRTERRE
if wyjer 2 Uy, +320 Sy, then Py=P;+1 0.125 1 mmm BT.500 (SR_MOS)
lf u,jkr < l?]kr 7‘/2—0 Ls}kr then Ql Ql 4 1 0.100 B P.913 (BR_SR_MOS)
0.075
P+Q; P-0; ; ; —Pl +Q’ 0.050
If L= >0.05 and |X2—=% <0.3 thenreject observer i ;
J-K-R %] J-K-R 0.025
with: 9:900
N: number of observers
J: number of test conditions including the reference 1.0 : I I i I I I o 57500 GR G
K: number of test images or sequences H [ p913 (8 sR_moS)
R: number of repetitions ) Q
. . . . 1
L: number of test presentations (in most cases the number of presentations will be

equal to J- K - R, however it is noted that some assessments may be conducted Pl -+ Qi
with unequal numbers of sequences for each test condition).




Observations on BT.500 and P.913

H+Q 5005 and
J-K-R

B -0,

B+ 0

If

< 0.3 then reject observer i

e The hard-coded rules (the outlier % detection and skewness
detection) can cause missing outliers

e BT.500 and P.913 often yield contradictory results

e P.913’srejection result is more consistent than BT.500 with the

subjects with large inconsistency predicted by the proposed AP
method



Outline

e Progresssince ITU-T SG12 C470

o Update on the calculation of confidence intervals




Confidence Intervals (Cl) of Quality Scores

e Estimated Cl based on Cramer-Rao bound:

@w v;

Recovered Quality Score (i)

byt ﬁfw{ é{ﬁm HlllHﬂ ”[[; ﬂ]ﬂﬂﬂ Hﬂﬂ
i, s [[pfﬁﬂ HP* ﬂﬂﬁd it m”“ﬂ
AT . m“ i

— fi
H{ {{ § BT.500 (SR_MOS) [NBIC 2.57] [avg Cl 0.54] § Proposed (AP) [NBIC 2.52] [avg Cl10.44]
14 i{[ f P.913 (BR_SR_MOS) [NBIC 2.55] [ g Cl 0 50]

CI(;) = t;+1.96

0 1|0 2'0 3|0 40 50 60 70
Video Stimuli (j)

The previously proposed method results in equal Cl lengths for all quality scores !




Revised Cl Formula - AP vs. AP2

Yj

CI(p;) = v;+1.96

, CL(v;) = v; + 1.96 :
Zir Ui_2 J J Zir :

V; = Uz‘({éz‘jr}) ‘ Uj = Uj({ﬁij'r})

oi({eijr}) = \/(Zl)‘IZ(fzjr—fi)z—f?v oi({€ijr}) = \/(Zl)_lz:(‘ijr"fj)2”‘§=
€ = (Zl)_lzfi]’r- €& = (Zl)_IZeij,..

jr Jr ir ir

AP AP2




NFLx_pUb - AP VS. AP2 Raw Opinion Scores (uj) 5

Test Subjects (/)

4 - -
0 10 20 30 40 50 60 70
Video Stimuli () 1

Recovered Quality Score (i)

¥l HHt hHt | b | |
| Ee IH i gt (A it Hq . L
f i LA {[gff , II .
ol Rl O B A B
} Proposed (AP) [NBIC 2.52] [avg Cl 0.44] } Proposed (AP2) [NBIC 2.52] [avg Cl 0.57]

Video Stimuli (j)

AP has equal Cl length while AP2 has unequal CI length




Average Cl length vs. Subject numbers
Quality Variation 2017 AGH TV Dataset (Lab Study)

0.95 —e— BT.500 (SR_MOS)
—&— MOS
0.90 ~ —8— P.913 (BR_SR_MOS)
4 —o— AP2
0.85 +—25 - » —e— AP

0.80

0.75 A

0.70 4

Average Cl Length

0.65 A

0.60 A

0.55 A

lb 1I2 1l4 1l6 ll8 2'0
Number of Subjects

*Each point is an average of 100x randomly selecting a given number of subjects.



Average

Dataset MOS BT.500 P.913 | NR/AP (AP2)
CI Ien th VQEG HD3 0.59 0.60 0.49 0.46 (0.47)
g NFLX Public 0.62 0.54 0.5 0.44 (0.57)
HDTV Phl Expl 0.50 0.61 0.48 0.46 (0.46)
HDTV Phl Exp2 0.57 0.57 0.53 0.48 (0.49)
HDTV Phl Exp3 0.56 0.59 0.52 0.48 (0.48)
HDTV Phl Exp4 0.63 0.63 0.52 0.47 (0.49)
HDTV Phl Expb 0.57 0.57 0.53 0.49 (0.5)
HDTV Phl Exp6 0.50 0.51 0.48 0.45 (0.45)
ITU-T Supp23 Expl | 0.61 0.61 0.56 0.47 (0.50)
MM2 1 0.59 0.60 0.57 0.53 (0.55)
MM?2 2 121 121 1.12 | 0.88 (0.99)
MM2 3 0.47 0.48 0.45 0.42 (0.43)
MM2 4 0.58 0.59 0.54 0.48 (0.51)
MM2 5 0.63 0.65 0.58 0.52 (0.56)
MM2 6 0.62 0.70 0.59 0.56 (0.57)
MM2 7 0.60 0.61 0.57 0.55 (0.55)
MM2 8 0.76 0.76 0.71 0.66 (0.68)
MM2 9 0.84 0.85 0.74 0.68 (0.71)
MM2 10 0.77 0.83 0.73 0.70 (0.70)
itsds2 0.82 0.82 0.66 0.60 (0.64)
itsds AGH 0.68 0.68 0.61 0.56 (0.60)
itsds NTIA 0.57 0.58 0.54 0.48 (0.50)

Table 2: Average length of confidence intervals of the estimated quality scores reported on the
compared methods on public datasets. The NR and AP methods produce identical results. MOS:
arithmetic mean of all opinion scores; NR: Newton-Raphson; AP: Alternating Projection. NR and
AP methods produce identical results. In the last column, two CI lengths are reported: the CI
based on (8) and (in the parenthesis) the alternative CI based on (11).




MOS NR AP (AP2)

f ° Dataset 7 7 A, o 7 A, o
COI‘I |de nce VQEG HD3 933 | 936 939 93.0 | 93.2 (935)| 944 91.9
NFLX Public 942 | 937 945 931|935 (97.5)| 941 92.3
I nte rva I HDTV Phl Expl | 93.9 | 941 93.9 93.1 | 93.8 (93.2)| 942 91.3
HDTV Phl Exp2 | 93.8 | 940 945 925 | 93.8 (94.1)| 940 91.2
N N * HDTV Phl Exp3 | 93.9 | 939 944 925 | 93.7 (93.6)| 94.1 90.6
Va I |d a‘t ion HDTV Phl Expd | 938 | 940 94.3 91.9 | 93.8 (94.1)| 94.1 90.9
HDTV Phl Exps | 93.8 | 941 942 922 | 93.9 (93.8)| 942 90.9
HDTV Phl Exp6 | 93.8 | 940 944 92.6 | 93.9 (93.6)| 94.0 91.0
ITU-T Supp23 Expl | 938 | 940 944 91.2 | 93.8 (945)| 94.9 90.0
MM2 1 935 | 928 954 92.6 | 92.5 (93.8)| 94.0 91.6
MM2 2 921 | 815 929 80.0 | 68.1 (87.5)| 92.1 754
MM2 3 944 [ 936 951 93.4 ]934 (941)| 942 92.0
MM?2 4 932 | 936 956 93.0 | 932 (947)| 95.1 92.0
MM2 5 932 | 932 957 92.7 | 91.8 (943)| 953 914
MM2 6 936 | 933 952 92.8 | 93.0 (93.8)| 94.1 914
MM2 7 93.6 | 933 952 92.8 | 92.9 (932)| 942 91.9
MM?2 8 93.0 | 924 054 83.8 | 92.2 (92.6)| 945 87.0
MM2 9 932 | 933 948 89.1 | 92.8 (93.3)] 942 88.1
MMz2 10 932 | 931 957 89.7 | 92.8 (92.3)| 945 87.9
itsds2 931 | 941 946 60.6 | 94.1 (94.0)| 94.2 59.2
itsds AGH 936 | 94.0 944 904 | 94.0 (948)| 944 89.7
itsds NTIA 939 | 944 947 86.1 | 943 (95.0)] 95.1 85.6

Table 3: Average confidence interval coverage (CI%) reported on public datasets. For each proposed

solver and each dataset, run the solver to estimate the parameters. Treat the estimated parameters

as “synthetic” parameters, run simulations to generate synthetic samples according to the model

(1) (except for MOS, whose samples are generated according to (12)). Run the solver again on

the synthetic data to yield the “recovered” parameters and their confidence intervals. The reported

“CI%” is the percentage of occurrences when the synthetic ground truth falls within the confidence

* . . interval. For each dataset, the simulation is run 100 times with different seeds. Note that for both
USIng Synthetlc data generated MOS and the proposed NR and AP methods, the C1% is slightly below 95%, due to the underlying
from each model, the Cl should Gaussian assumption used instead of the legitimate Student’s ¢-distrubtion. (MOS: plain mean
o opinion score; NR: Newton-Raphson; AP: Alternating Projection.) For ¢; of AP, two CI% are

match Closely to 95%. reported: the CI based on (8) and (in the parenthesis) the alternative CI calculated based on (11).




Outline

e Progresssince ITU-T SG12 C470

o Runtime analysis




Runtime Analysis

Dataset Mean Runtime (seconds) No. Iterations
MOS [BT.500 P.913 NR AP NR AP
VQEG HD3 5.2e-4 | 1.5e-2  1.5e-2 | 2.1e-1 | 4.3e-3 | 26.2 12.1
NFLX Public 5.7e-4 | 1.8e¢-2  1.9¢-2 | 2.8e-1 | 4.5e-3 | 34.5 11.8

HDTV Phl Expl T.7e-4 | 3.3e-2  3.4e-2 | 2.0e-1 | 4.6e-3 | 23.4 10.3
HDTV Phl Exp2 7.8e-4 | 3.3e-2  3.4e-2 | 2.8e-1 | 4.9e-3 | 33.2 11.3
HDTV Phl Exp3 7.8e-4 | 3.3e-2  3.4e-2 | 2.5e-1 | 4.7e-3 | 29.4 10.7
HDTV Phl Exp4 7.6e-4 | 3.3e-2  3.4e-2 | 3.3e-1 | 5.0e-3 | 38.3 11.5
HDTYV Phl Expb5 7.8e-4 | 3.3e-2  3.4e-2 | 2.7e-1 | 4.7e-3 | 31.3 10.8
HDTYV Phl Exp6 7.6e-4 | 3.3e-2  3.4e-2 | 2.2e-1 | 4.6e-3 | 25.8 10.7
ITU-T Supp23 Expl | 8.1e-4 | 3.5e-2  3.5e-2 | 3.4e-1 | 5.0e-3 | 36.0 11.6

MM2 1 4.9e-4 | 1.3e-2 1.3e-2 | 2.1e-1 | 4.3e-3 | 274 12.4
MM2 2 4.0e-4 | 1.0e-2 1.1e-2 | 5.8e-1 | 1.4e-2 | 78.0 54.9
MM2 3 5.3e-4 | 1.3e-2  1.4e-2 | 1.8e-1 | 4.2¢-3 | 23.3 11.6
MM2 4 5.0e-4 | 1.3e-2  1.4e-2 | 2.6e-1 | 4.6e-3 | 33.4 13.8
MM2 5 5.0e-4 | 1.3e-2  1.4e-2 | 2.9e-1 | 6.0e-3 | 37.3 19.3
MM2 6 4.8¢-4 | 1.2e-2  1.3e-2 | 2.2e-1 | 4.3e-3 | 28.8 13.1
MM2 7 4.8¢-4 | 1.2e-2 1.3e-2 | 2.0e-1 | 4.2¢-3 | 25.6 12.3
MM2 8 4.3e-4 | 1.1e-2 1.1e-2 | 2.7e-1 | 5.5e-3 | 35.3 18.7
MM2 9 4.3e-4 | 1.1e-2 1.2e-2 | 2.8e-1 | 5.1e-3 | 36.5 16.8
MM2 10 4.3e-4 | 1.1e-2 1.2e-2 | 2.3e-1 | 4.8e-3 | 29.8 15.4
itsds2 3.3e-3 | 2.5e-1  2.5e-1 | 1.1e+0 | 1.3e-2 | 49.8 13.3
itsds AGH 8.7e-4 | 4.1e-2  4.2e-2 | 3.5e-1 | 5.3e-3 | 39.4 11.6
itsds NTIA 2.6e-3 | 1.6e-1 1.6e-1 | 6.4e-1 | 1.1e-2 | 46.2 11.3

Table 4: Average runtime in seconds and number of iterations (for NR and AP) reported on public
datasets. For each proposed solver and each dataset, run the solver to estimate the parameters.
Treat the estimated parameters and the “synthetic” parameters, run simulations to generate syn-
thetic samples according to the model (1) (except for MOS, whose samples are generated according

o (12)). Run the solver again on the synthetic data. For each dataset, the simulation is run 100
times with different seeds, and the mean is reported. For NR and AP, also reported are the number
of iterations. (MOS: plain mean opinion score; NR: Newton-Raphson; AP: Alternating Projection.)



Conclusions

e Recommendations for subject experiment data analysis process
such as ITU-R BT.500 and ITU-T P.913 are not without their own

limitations
e We propose new model and the corresponding MLE-based solver,
which can be considered as a generalization of P.913, with the

following advantages:
o Better model-data fit
Tighter confidence intervals (hence less #subjects required)
Better robustness against subject outliers
Negligible runtime increase - similar to BT.500/P.913
Absence of hard coded parameters / thresholds
Auxiliary information on test subjects
e We propose to standardize the AP method (with confidence interval
calculated as in AP2) in recommendation P.913 (and in the future, BT.500)

O O O O O
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Sample Recovery Results e
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Solver Accuracy Validation
Using Synthetic Data

Quality Score ()

f Proposed (AP) (RMSE 0.1025, CI% 94.9)
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Take NFLX Public dataset, run solver to estimate parameters
Treat the estimated parameters as synthetic “ground truth”, run simulations

to generate synthetic samples according to the proposed model

Run solver on the generated samples to recover the parameters again



Model-Data Fit Validation
Using Bayesian Information Criterion

e BIC s a criterion for model fitting, balancing between:
o The degree of freedom (number of parameters)
o The goodness of fit (log-likelihood function)

e Use “normalized” BIC (NBIC) to compare across datasets
log (n)|@| — 2L(O)

n

o |0| - the number of model parameters
o n -the number of observations (i.e. raw opinion scores)

o L(O) - log-likelihood function

NBIC =




Normalized Bayesian Information Criterion (NBIC)*

Table NBIC: Normalized Bayesian Information Criterion (NBIC)
reported on the compared methods on public datasets. The
NR and AP methods produce identical results. (MOS: plain
mean opinion score; NR: Newton-Raphson; AP: Alternating

Projection.)

Dataset MOS BT.500 P913 NR/AP
VQEG HD3 2.75 2.74 2.39 2.30
NFLX Public 2.97 2.57 2.55 2.52

HDTV Ph1 Exp1 2.45 2.46 2.38 2.20
HDTV Ph1 Exp2 2.72 2.72 2.52 2.32
HDTV Ph1 Exp3 2.72 2.71 2.37 2.29
HDTV Ph1 Exp4 2.96 2.96 2.51 2.27
HDTV Ph1 Exp5 2.77 2.77 2.47 2.33
HDTV Ph1 Exp6 2.51 2.49 2.32 2.16
ITU-T Supp23 Exp1 | 2.91 2.91 235 231

MM2 1 2.80 2.78 2.83 2.74

MM2 2 3.89 3.89 3.52 3.13

MM2 3 2.48 2.47 2.45 2.41

MM2 4 2.74 2.73 2.62 2.47

MM2 5 2.90 2.82 2.67 2.64

MM2 6 2.81 2.74 2.74 2.72

MM2 7 2.73 2.72 2.76 2.67

MM2 8 3.00 2.92 2.88 2.70

MM2 9 3.27 3.21 2.95 2.79

MM2 10 3.04 3.05 2.98 2.82

its4s2 3.63 3.63 2.96 2.59
its4s AGH 3.15 3.05 2.77 2.64
its4s NTIA 2.94 2.91 2.53 2.38

*The model with the smallest
NBIC is preferred.



Confidence intervals of Estimated Quality Scores

Table CI: Average length of confidence intervals of the esti-
mated quality scores reported on the compared methods on
public datasets. The NR and AP methods produce identical re-
sults. (MOS: plain mean opinion score; NR: Newton-Raphson;
AP: Alternating Projection.)

Dataset MOS BT500 P913 NR/AP
VQEG HD3 0.59 0.60 0.49 0.46
NFLX Public 0.62 0.54 0.5 0.44

HDTV Phi Expl | 050 0.61 048  0.46
HDTV Phi Exp2 | 057 057 053  0.48
HDTV Phi Exp3 | 056 059 052  0.48
HDTV Phi Exp4 | 0.63 063 052  0.47
HDTV Phi Exp5 | 057 057 053  0.49
HDTV Phi Exp6 | 050 051 048  0.45

ITU-T Supp23 Exp1 | 0.61  0.61 056  0.47

MM2 1 0.59 0.60 0.57 0.53
MM2 2 1.21 1.21 1.12 0.88
MM2 3 0.47 0.48 0.45 0.42
MM2 4 0.58 0.59 0.54 0.48
MM2 5 0.63 0.65 0.58 0.52
MM2 6 0.62 0.70 0.59 0.56
MM2 7 0.60 0.61 0.57 0.55
MM2 8 0.76 0.76 0.71 0.66
MM2 9 0.84 0.85 0.74 0.68
MM2 10 0.77 0.83 0.73 0.70
its4s2 0.82 0.82 0.66 0.60
its4s AGH 0.68 0.68 0.61 0.56

its4s NTIA 0.57 0.58 0.54 0.48




Confidence Interval Validation*

Table Cl%: Average confidence interval coverage (CI%) reported on public datasets. For each proposed solver and each dataset,
run the solver to estimate the parameters. Treat the estimated parameters and the “synthetic” parameters, run simulations to
generate synthetic samples according to the model (1) (except for MOS, whose samples are generated according to (7)). Run the
solver again on the synthetic data to yield the “recovered” parameters and their confidence intervals. The reported “Cl%” is the
percentage of occurrences when the synthetic ground truth falls within the confidence interval. For each dataset, the simulation
is run 100 times with different seeds. Note that for both MOS and the proposed NR and AP methods, the CI% is slightly below
95%, due to the underlying Gaussian assumption used instead of the legitimate Student’s t-distrubtion. (MOS: plain mean opinion
score; NR: Newton-Raphson; AP: Alternating Projection.)

MOS NR AP
Dataset
v; Y; A; v; vj A Vi
VQEG HD3 93.3 | 93,6 939 93.0| 932 944 919
NFLX Public 942 | 93.7 945 931 | 935 941 923

HDTV Ph1 Exp1 939 | 941 939 931|938 942 0913
HDTV Ph1 Exp2 93.8 | 94.0 945 925 |93.8 94.0 912
HDTV Ph1 Exp3 93.9 | 93.9 944 925|937 941 90.6
HDTV Ph1 Exp4 93.8 | 94.0 943 919 | 93.8 94.1 90.9
HDTV Ph1 Exp5 93.8 | 941 942 922|939 942 90.9
HDTV Ph1 Exp6 93.8 | 94.0 944 926|939 94.0 91.0
ITU-T Supp23 Exp1 | 93.8 | 94.0 944 912 | 93.8 949 90.0

its4s NTIA 939 | 944 947 86.1 | 943 951 85.6

MM2 1 935 | 92.8 954 926 | 925 940 916
MM2 2 921 | 815 929 800 | 68.1 921 754
MM2 3 944 | 936 951 934 | 934 942 920
MM2 4 932 | 936 956 930 | 932 951 92.0
MM2 5 932 | 932 957 927 | 91.8 953 914
MM2 6 936 | 933 952 928 | 930 941 914
MM2 7 936 | 933 952 928 | 929 942 91.9
MM2 8 930 | 92.4 954 888 | 922 945 87.0
MM2 9 932 | 933 948 891 | 928 942 88.1 . .
MM2 10 932 [ 931 957 89.7 | 928 945 87.9 *Using synthetic data generated from
its4s2 931 | 941 946 606 | 941 942 59.2 each model, the Cl should match
fts4s AGH 936 | 940 944 904 | 940 944 897

closely to 95%.



Robustness Against Subject Outliers
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Robustness Against Increasing Corruption Probability
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10 random subjects are corrupted, with corruption probability varying from 0.0 to 1.0
Y-axis: RMSE with respect to clean case
SR: subject rejection; BR: bias removal; MOS: mean opinion score; RMSE: root mean squared error
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For a good scheme, the residue should look like random noise
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Recovered Quality Score - Proposed vs. BT.500/P.913

NFLX Public Dataset (Lab Study)
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Recovered Quality Score - Proposed vs. BT.500/P.913
VQEG HDTV Phase | Exp 1 (Lab Study)
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Recovered Quality Score - Proposed vs. BT.500/P.913

VQEG HDTV Phase | Exp 2 (Lab Study)
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Recovered Quality Score - Proposed vs. BT.500/P.913

VQEG HDTV Phase | Exp 3 (Lab Study)
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Recovered Quality Score - Proposed vs. BT.500/P.913

VQEG HDTV Phase | Exp 4 (Lab Study)
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Recovered Quality Score - Proposed vs.

VQEG HDTV Phase | Exp 5 (Lab Study)
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Recovered Quality Score - Proposed vs. BT.500/P.913
VQEG HDTV Phase | Exp 6 (Lab Study)
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Recovered Quality Score - Proposed vs. BT.500/P.913
ITU-T Supp 23 Experiment 1 BNR - Audio (Lab Study)
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Recovered Quality Score - Proposed vs. BT.500/P.913
MM2 1 (Lab Study)
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Recovered Quality Score - Proposed vs. BT.500/P.913
MM2 2 (Lab Study)
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Recovered Quality Score - Proposed vs. BT.500/P.913
MM2 3 (Lab Study)

5.0 - 5.0
MM2_3 MM2_3
4.5 4.5
4.0 > 4.0
@ 3.5 w0 3.5
0 o)
o
= %
& 301 30
o m
2 o
' 2.5 2.5 1
E 2:5 g
- o
2.0 2.0
1.5 1.5
1.0 A 1.0 1
1.0 15 20 25 30 35 40 45 50 1.0 15 20 25 30 35 40 45 50
Proposed (AP) Proposed (AP)
plcc 0.999, srocc 0.999, diff: mean -0.013, std 0.044 plcc 0.999, srocc 0.998, diff: mean 0.000, std 0.036

= MM2_3 = MM2_3

0
—0.100-0.075-0.050-0.025 0.000 0.025 0.050 0.075 —0.100 —0.075 —0.050 —0.025 0.000 0.025 0.050 0.075
diff: BT.500 (SR_MOS) vs. Proposed (AP) diff: P.913 (BR_SR_MOS) vs. Proposed (AP)

=

No. ocurrences
No. ocurrences




Recovered Quality Score - Proposed vs. BT.500/P.913
MM2 4 (Lab Study)
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Recovered Quality Score - Proposed vs. BT.500/P.913
MM2 5 (Lab Study)
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Recovered Quality Score - Proposed vs. BT.500/P.913
MM2 6 (Lab Study)
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Recovered Quality Score - Proposed vs. BT.500/P.913
MM2 7 (Lab Study)
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Recovered Quality Score - Proposed vs. BT.500/P.913
MM2 8 (Lab Study)
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Recovered Quality Score - Proposed vs. BT.500/P.913
MM2 9 (Lab Study)
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Recovered Quality Score - Proposed vs. BT.500/P.913
MM2 10 (Lab Study)
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Recovered Quality Score - Proposed vs. BT.500/P.913
its4s2 (Lab Study)
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Recovered Quality Score - Proposed vs. BT.500/P.913
its4s2 AGH (Lab Study)
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Recovered Quality Score - Proposed vs. BT.500/P.913
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Recovered Quality Score - Proposed vs. BT.500/P.913
Quality Variation 2017 Ghent Dataset (Lab Study)
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Recovered Quality Score - Proposed vs. BT.500/P.913
Quality Variation 2017 AGH Tablet Dataset (Lab Study)

5:0¢] quality_variation_2017_agh_tab 5.0 1 quality_variation_2017_agh_tab
» &
4.5 1 4.5
4.0 “, 4.0 5
= 7] /
Q2 35 —f Q 3.5 A 2
] & = 3
2 "4 & F 4
5 : v’
£ 3.0 - g' 3.0 4
o
R »” n P
= — L 4
o 2.5 2 2.5 ;

N4 ol |
" e

1.0+ - . T . . - T . 10 T . . v . . - v
1.0 15 20 25 30 35 40 45 50 1.0 15 20 25 30 35 40 45 50
Proposed (AP) Proposed (AP)
plcc 0.999, srocc 0.999, diff: mean 0.003, std 0.036 plcc 0.999, srocc 0.999, diff: mean 0.002, std 0.033
Py BN quality_variation_2017_agh_tab o 75 BN quality_variation_2017_agh_tab
: — : —
L L
3 - 2]
= ] =3
3 B 3
S s 251
= =
0 -
-0.10 -0.05 0.00 0.05 0.10 -0.10 -0.05 0.00 0.05 0.10 0.15

diff: BT.500 (SR_MOS) vs. Proposed (AP) diff: P.913 (BR_SR_MOS) vs. Proposed (AP)




Recovered Quality Score - Proposed vs. BT.500/P.913

AS2015 UPM w/ audio (Lab Study)
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Recovered Quality Score - Proposed vs. BT.500/P.913

AS2015 UPM w/o audio (Lab Study)
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Recovered Quality Score - Proposed vs. BT.500/P.913
AS2015 ACREO w/o audio (Lab Study)
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Recovered Quality Score - Proposed vs. BT.500/P.913

VQEG FRTV Phase 1 525 line low (Lab Study)
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Recovered Quality Score - Proposed vs. BT.500/P.913
VQEG FRTYV Phase 1 525 line high (Lab Study)
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Recovered Quality Score - Proposed vs. BT.500/P.913
VQEG FRTV Phase 1 625 line low (Lab Study)
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Recovered Quality Score - Proposed vs. BT.500/P.913

VQEG FRTYV Phase 1 625 line high (Lab Study)
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Recovered Result by
the Proposed Method
- More Datasets
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