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Abstract: As the demand and supply for 3D technologies grows, the development of accurate
quality-assessment techniques shall be used to develop the 3D display device and signal-
processing engine industries. The underlying principles and statistical characteristics of 3D
contents based on the human visual system (HVS) are described in this standard. In addition, a
reliable 3D subjective assessment methodology that covers the characteristics of human
perception, display mechanism, and the viewing environment is introduced in this standard.
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Introduction

This introduction 1s not part of IEEE Std 3333.1.1™-2015, IEEE Standard for Quality of Experience (QoE) and Visual-
Comfort Assessments of Three-Dimensional (3D) Contents Based on Psychophysical Studies.

This standard establishes methods of visual discomfort and quality of experience (QoE) assessments of
three-dimensional (3D) contents based on psychophysical studies. These key factors are constructed in
conjunction with the visual factors used to quantify discomfort and QoE degradation.

Vil
Copyright © 2015 IEEE. All rights reserved.
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IEEE Standard for

Quality of Experience (QoE)

and Visual-Comfort Assessments
of Three-Dimensional (3D) Contents
Based on Psychophysical Studies

IMPORTANT NOTICE: IEEE Standards documents are not intended to ensure safety, security, health,
or environmental protection, or ensure against interference with or from other devices or networks.
Implementers of IEEE Standards documents are responsible for determining and complying with all
appropriate safety, security, environmental, health, and interference protection practices and all
applicable laws and regulations.

This IEEE document is made available for use subject to important notices and legal disclaimers.
These notices and disclaimers appear in all publications containing this document and may
be found under the heading “Important Notice” or “Important Notices and Disclaimers
Concerning IEEE Documents.” They can also be obtained on request from IEEE or viewed at
http://standards.ieee.org/IPR/disclaimers.html,

1. Scope

This standard establishes methods for visual saliency prediction, visual contents analysis, and subjective
assessment for quantifying the visual discomfort and quality of experience (QoE) of three-dimensional
(3D) image and video.

2. Normative references

The following referenced documents are indispensable for the application of this document (1.e., they must
be understood and used, so each referenced document 1s cited in text and its relationship to this document is
explained). For dated references, only the edition cited applies. For undated references, the latest edition of
the referenced document (including any amendments or corrigenda) applies.

ITU-R BT.500-13: Methodology for the subjective assessment of the quality of television pictures. '

"ITU publications are available from Publication Sales, International Telecommunication Union, Place des Nations, 1211 Geneva 20,
Switzerland (http:/www.itu.int/).

1
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ITU-R BT.1438: Subjective assessment of stereoscopic television pictures.
ITU-R BT.2021: Subjective methods for the assessment of stereoscopic 3DTV systems.
ITU-T P.910: Subjective video quality assessment methods for multimedia applications.

Steroscopic (3D Imaging) Database.”

3. Definitions, abbreviations, and acronyms

3.1 Definitions

For the purposes of this document, the following terms and definitions apply. The [EEE Standards
Dictionary Online should be consulted for terms not defined in this clause.

accommodation: The process by which the vertebrate eye changes optical power to maintain a clear image
or focus on an object as its distance varies.

angular disparity: The angle differences in image location of an object resulting from the eye movements
by both human eyes.

auto-stereoscopic display: A display device capable of providing depth perception to human viewers
without the use of glasses.

ciliary muscle: The ring of striated smooth muscles in the human eye’s vascular layer that controls
accommodation according to viewing distance.

comfortable viewing zone: The range of object or viewer position where a viewer can watch a scene
without any discomfort.

crosstalk: The incomplete 1solation of the left and right image that causes one image leak into the other.
crystalline lens: The lens of a human eye composed of fibers that come from epithelial cells.
diplopia: The subjective complaint of seeing two images when viewing one object.

disparity contrast: The absolute difference between values in a target disparity value with neighbor
disparity values within the same window.

disparity gradient: The absolute values of the derivate to the disparity map on the x and y axes.
extra-ocular muscles: The six muscles (in each eye) that are expanded or contracted for eye movements.
fovea: The part of the eye located 1n the center of the macular area of the retina.

horopter: The locus of points 1n space that yield single vision.

* Available at http://grouper.ieee.org/groups/3dhf
IEEE Standards Dictionary Online subscription is available at:
http://www.1eee.org/portal/innovate/products/standard/standards_dictionary.html.

2
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human visual system: The part of the central nervous system that gives organisms the ability to process
visual detail and enables the formation of several non-image photo response functions.

lab color space: Color-opponent space with dimension lightness and two-color opponent dimensions (a
and b) based on nonlinearly compressed CIE xyz color-space coordinates .

luminance contrast: The absolute difference between values 1n a target luminance value with neighbor
luminance values within the same window.

luminance gradient: The absolute values of the derivate to the disparity map on the x and y axes.

mean opinion score: In a subjective quality assessment, the average of all subjects rating scores of quality
of experience.

negative disparity: When the angular disparity value 1s smaller than zero because the corresponding object
1s located 1n front of the 3D display.

Panum’s fusional area: The small region on either side of the horopter where objects will still be seen as
fused. This region in space corresponding to an area on the retina is Panum’s fusional area or Panum’s area.

photoreceptor: The retinal cells responsible for the detection of light.

positive disparity: When the angular disparity value 1s larger than zero because the corresponding object is
located behind the 3D display.

probability mass function: In statistics, this 1s the function that gives the probability that a discrete
random variable 1s exactly equal to some value.

quality assessment: The evaluation of a quality of the service or product to determine the performance in
relation to set standards.

quality of experience: The degree of delight or annoyance of the user of an application or service resulting
from the fulfillment of his or her expectations with respect to the utility and/or enjoyment of the application
or service in light of the user’s personality and current state.

retina: The sensitive layer of tissue at the back of the eye that receives sensory images.

shear distortion: A different kind of distortion caused when a viewer moves.

skewness: In statistics, this 1s the degree to which a statistical distribution 1s not in equilibrium around the
average, an exactly symmetrical distribution having a value of zero.

stereoscopic display: A device capable of experiencing depth perception to viewers by means of sterecopsis
for binocular parallax.

subjective assessment: An assessment of quality or visual discomfort where there i1s no pre-established
objective measure or standard and 1s thus based solely on the opinion of the evaluator or a group of
observers.

support vector machine: In machine learning, this 1s a supervised learning model with associated learning
algorithms.

system crosstalk: The degree of the leaking image from the other image that is determined by the display
itself.

3
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vergence: Simultancous movements of both eyes in opposite directions to obtain or maintain single
binocular vision clearly.

viewing distance: The distance between the viewer and display.

visual (dis)comfort: The state of mind that expresses (dis)satisfaction with the visual environment. In other
words, visual discomfort 1s a subjective sensation that accompanies physiological changes, in this case the
stress of viewing 3D content. As a subjective sensation, it can be measured by asking the viewer to report
its level. The negative sensation usually declines rapidly when the human observer gazes at a comfortable
scenario or closes his eyes.

visual cortex: The part of the cerebral cortex responsible for processing visual information.

visual fatigue: A decrease in performance of the human vision system due to a physiological change. This
change shall be diagnosed by medical personnel using various symptoms that can either be subjectively
reported by the subject or objectively measured. Visual fatigue 1s usually considered an effect that declines

more slowly after removal of the uncomfortable stimulus.

visual saliency: The state or quality by which interested regions on image or video stand out relative to the
other regions.

wavelet transform: In mathematics, this 1s a representation of a square-integral function by a certain
orthonormal series generated by a wavelet.

3.2 Abbreviations and acronyms

2D two dimensional

3D three dimensional

ARD adaptive rectangular design

ASD adaptive square design

CIE International Commission on [Hlumination
CVZ comfortable viewing zone

FPC full paired comparison

GGD generalized Gaussian distribution

HRC hypothetical reference circuit

HVS human visual system

MICSQ multimodal interactive continuous scoring of quality
ORD optimized rectangular design

OSD optimized square design

PLCC Pearson linear correlation coefficient

4
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PMF probability mass function

QoE quality of experience

SRC source video contents

SROCC Spearman’s rank correlation coefficient
SSCQE single stimulus continuous quality evaluation
SVR support vector regression

4. Ergonomic requirements and recommendations

4.1 General

Unlike in two-dimensional (2D) wvideo, the ocular adjustment to 3D depth can induce neurological
symptoms, such as visual discomfort and headache, and 3D distortions that cause quality degradation.
Understanding these problems involves several intricate visual factors that can only be probed by
investigating the reliable spatial and temporal features in 3D contents and by using a reliable subjective
testing methodology.

4.2 Visual saliency prediction

When viewing a 3D image and video, some scenes have only a few regions that cause visual discomfort
and low QoE states. In these cases, the viewer tends to pay more attention to this region, and the rest of the
image is projected onto the retina with a low density of photoreceptors. Therefore, to develop reliable
human factor models and a quality assessment metric, a concrete visual saliency algorithm shall be
developed.

4.3 Visual contents analysis

To analyze and predict the degree of the QoE or visual comfort when viewing 3D content, it is necessary to
understand the contents in terms of spatial and temporal characteristics that are based on existing
psychophysical and statistical models of 3D visual perception.

4.4 Subjective assessment

Most subjective assessment 1s inherited from what has been traditionally done for 2D subjective assessment
as defined by ITU-T P.910, ITU-R BT.500-13, and ITU-R BT.2021. However, it is doubtful whether these
results are reliable enough to be used as references because the viewing environment is quite different from
2D due to the intensive immersion of a user wearing the glasses in a the dark. Hence, to perform the
subjective 3D 1mage and wvideo assessments, a novel interface shall be designed that covers the
characteristics of the human perception, display mechanism, viewing environment, and so on.

3
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9. Visual saliency prediction

5.1 General

An important ingredient in further improving 3D video processing technologies is the effort to incorporate
better models of 3D perception. Among these, saliency detection, or the automated discovery of points of
high visual interest, conspicuity, or task relevance, 1s a challenging problem. This clause describes visual
saliency prediction method by considering human visual system (HVS) characteristics.

5.2 Human visual system

To capture human factors or predict the visual discomfort of 3D contents, the characteristics of the HVS
such as a retina and fovea shall be considered.

The fovea 1s responsible for sharp central vision, which 1s needed in human beings for reading, watching
television or movies, driving, and any activity for which visual detail is of primary importance. As shown
in Figure 1, photo-receptors possess non-uniform spatial distribution with the highest density at the fovea,
and the density decreases dramatically with distance from the fovea. Here we describe how the region with
the highest saliency (obtained as described above) falls on the fovea and, hence, has the highest
sensitivity/resolution.

60° 40° 20°10° 0° 10°20°  40° 50°

Figure 1—Eye structure as a function of eccentricity

The foveation model used in this standard shall be represented as

eln L
":Tu TV

{ { ; ]}’ -
a4 e+arctan| ——
VW

[, (x, y)}=min (1)
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where
d 1s the pixel distance between point (:.c, _L’} and fixation point [1: P f-)
m is the screen magnification factor

d : . .
arctan| — | 1s the eccentricity
Vi

W 1s the width of the display
V 1s the viewing distance

The fitting parameters in this model have been estimated yielding the following:

— aspatial frequency decay constant e = 0.106

— half-resolution eccentricity constant e = 2.3

. I |
— a minimum contrast threshold =

5.3 Saliency prediction

5.3.1 2D saliency features
This standard considers four 2D visual saliency features: luminance, color, size, and compactness.

The luminance contrast and gradient of stereoscopically fixated patches are generally higher than in
randomly selected patches. Thus these features shall be represented as

| clxy)
i) =1 if L — > 1
C
{ (2,0 (2)
H»’}E,l V) = =L , otherwise
C,

| G{.r,_r]l
W) = 1,if —L— > 1
G,
\ (3)
Gl
J’d’»"]g”} = —_ otherwise
G,
where

{’,‘l,{""-"'} (G !.('T"-"}} is the luminance contrast (gradient) at (L y) in the original frame

C,; (G;) 1s the mean of the luminance contrast (gradient) of the original frame

Wr,gx’-":' (If.l”]g"-"]] is the luminance contrast (gradient) saliency weight at (x, y] in the original frame
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Using these saliency weights, the luminance saliency weight shall be defined by

(x.¥) _ . [x.v) . (x.v)
Hfu" - HF{'Wk‘ T H’]g”flg (4)

where
W, *¥) s the luminance saliency weight at (x, y) in the original frame.

There 1s a correlation between luminance gradient and luminance contrast; these two values can be
combined by weighted sum. The weights of the luminance gradient and luminance contrast are w,. and

wy, » respectively. They increase (decrease) when the location of the original frame contains higher (lower)

luminance contrast and gradient values. Figure 2 depicts the visual saliency according to luminance.

(c) (d)

Figure 2—Luminance feature for visual saliency: (a) original left image,
(b) luminance contrast map, (c¢) luminance gradient map, and (d) saliency map

Color information in the 3D image/video 1s highly related to the visual salient region. Accordingly, the
color contrast and gradient features are investigated to capture the local rate of color changes and calculate
the visual saliency according to color. In addition, these are computed after converting the images into the
perceptually uniform CIE-Lab color space. The visual saliency according to color shall be represented as

N
o) Z1if =€ >
C.
i alt V) ()
Wif[f‘-"}= ~—, otherwise
Lﬂ‘f.'

&
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+(x,v)
w o) =1, if {’G— > 1
l Gler) E (©)
th’-"'} = ——, otherwise
G,

where

Cf.‘“*"} (Gfﬁ’“-"}} is the color contrast (gradient) at (x, y) in the original frame
{f‘[. ( ff[. ) 1s the mean of the color contrast (gradient) of the original frame

Wi.{j’-"'] (I’KE‘:”}} is the color contrast (gradient) saliency weight at (x, y] in the original frame

Using these saliency weights, the color saliency weight shall be defined

W = oW g™ + WegW g™ (7)

cg
where
W =) s the color saliency weight at (x, y) in the original frame.

There 1s a correlation between color gradient and color contrast; these two values can be combined by

. . : ? W, :
weighted sum. The weights of the color gradient and color contrast are "¢ and ¢, respectively. They

increase (decrease) when the location of the original frame contains higher (lower) color contrast and
gradient values.

Finally, the relationship between visual saliency and the size and compactness of objects are described in
this standard. Generally, humans perceive, recognize, and more frequently fixate larger (and often nearer)
objects on the image/videos. Based on this observation, this standard defines the relative object size as the
ratio of the number of pixels of an object to the number of pixels in the image and introduces a simple
threshold value on suitable object size. Moreover, humans adapt to variations in wider objects more easily
than narrower objects. Based on this observation, this standard also defines the compactness of a salient
region as the mean distance between the central point and other points inside the salient region. Figure 3
shows the visual saliency according to compactness.

9
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Figure 3—Compactness feature of visual saliency

5.3.2 3D saliency features

Two 3D saliency features shall be considered: depth discontinuities and visual discomfort.

Depth discontinuities are important factors in defining visual saliency. In particular, the disparity contrast
and gradient are highly related to 3D visual fixations. Fixated disparity contrast and gradient are generally

lower than random location.

In addition, viewers tend to fixate away from large disparity gradients and contrast, preferring instead
smooth depth regions.

These attentional characteristics as part of visual saliency according to depth discontinuities shall be
measured as follows:

()
. C
W) = 1,if =4 > ]
Ccf
| 5 [x,v) (8)
WIE;T‘-T} = —4___ otherwise
Cy
. G[.'L‘._l'.]
o) 1if 24— >
dg Gf
. : 9
{ : Gh'-ﬁ'} ©)
W{}f‘-"} = —4___ otherwise
G,
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where

C{T d (G ~ ‘}) is the disparity contrast (gradient) at (x, y) in the original frame
Cd ( Gd ) 18 thu mean of the disparity contrast (gradient) of the original frame

 \xey) [H{_, - ) ) is the disparity contrast (gradient) saliency weight at (x, y) in the original frame

ﬂ"r_

Using above saliency weights, the depth discontinuity saliency weight shall be defined by

(x.p) _ qr L]l . (x, )
W y H” + Wy H”ﬂ,,
where

H”{‘T ) is the depth discontinuity saliency weight at (_x:jy) in the original frame.

(10)

There 1s a correlation between disparity gradient and luminance contrast; these two values may be
combined by weighted sum. The weights of the disparity gradient and luminance contrast are w,. and

Wg »

respectively. They decrease (increase) when the location of the original frame contains higher (lower)

disparity contrast and gradient values. Figure 4 depicts the wisual saliency according to depth

discontinuities.

(a) (b)

(c) (d)

Figure 4—Depth discontinuities for visual saliency: (a) original image,
(b) disparity contrast map, (c) disparity gradient map, (d) and saliency map

Disparity of an object and its size affect whether fixating on it causes visual discomfort when viewing 3D
content. Human fixations tended to land on salient objects when disparity lies within a comfortable viewing
zone (CVZ) (within —1 in ~ 1 in of angular disparity). By contrast, when disparity does not lie within a
CVZ, the fixation distribution becomes diffused. Using these attention characteristics, the 3D saliency

features according to visual discomfort in terms of disparity and a CVZ shall be measured as

11
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syl {x,v) o
Hm’ _ﬂ{-l-,ﬂx’?}ﬂ}lfﬂ =l
WS = if-1"°< DY <1° 11
vid D
|
rlx.y) (x.¥) o
H1;1 _D“_1”}=:}}'U? if D = 1
DY _ DY
np=1-— ; (12)
Dy =Dy
where

th;‘-” is the visual discomfort saliency weight expressed as a function of the angular disparity D" at

(L y) in the original frame.

M M
Denote 77 as an index (ﬂ <np <1) on Dy ( D ), which 1s the nearest (farthest) angular disparity of the

M (x,v] M ) W{Lﬂ ,
b < Y < , , xny) ..
(‘Dﬁ* <D™ 2Dp | The value of "% takes its maximum value when pt=) is in the
(x,v)
CVZ. However, if the disparities are out of the CVZ, ~ " is decreased in proportion to the magnitude of

disparity. Figure 5 shows the visual saliency for various disparity cases.

original frame

= ® @ ®

g -1 l { L i L

g Tal'gel Dbiect | '_EIZ'JI"IE of . - 1 | G | -

2 g C;S | Comfort o | e | @

Q - _ . - .. - . -

5 -1t fy - 0.8104 0.4286 0.2857

N B ‘ \ | . |

< e ® ® -
O O e e ® o

().6536 (0.1429 ().053

Figure 5—Visual saliency for various disparity cases (top-down views)
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5.3.3 Visual saliency prediction map

The weighted sum method of the 2D features and 3D features shall be used in order to calculate the final
visual saliency prediction map as

X,V X, ) X, . X,y X))
RE: ) = Wap_ W;( ") 4 Wap_W, 4:.!:1 Y 4 Wip_dd W}d Wip_yd fﬂr J (13)
where

Wy 1s the weight of luminance feature

Wap_. 1s the weight of color feature

Wi pdd 1s the weight of depth discontinuities,

Wi ud 1s the weight of visual discomfort as the 3D saliency feature

Using Equation (13), the final visual saliency prediction map Ré“"-“'] (ﬂiﬂé“‘"] il) shall be procured.
Figure 6 shows the final saliency prediction map. Regions having low saliency weight, such as roads,
ground, or sky, are excluded from the visual saliency prediction maps, as shown in Figure 6. In addition,
objects that have high luminance/color gradient or contrast have relatively large weights, and the objects

that are wide and dense with few or no depth discontinuities tend to have higher saliency weights. The eye-
tracking results are closely similar to the final visual saliency prediction maps shown in Figure 6.

Figure 6—Visual saliency prediction maps
(a) and (d): original images
(b) and (e): visual saliency prediction maps
(c) and (f) eye-tracker suits
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6. Visual-contents analysis

6.1 General

Based on the human perception model, to predict the level of visual discomfort that would be experienced
when viewing a 3D image, several important spatial features (excessive disparity, accommodation and
vergence conflict, and distribution of disparity) derived from a statistical analysis of disparity are presented
in this clause. Moreover, we develop a new framework of visual activity for quantitatively analyzing 3D
video.

6.2 The human visual system

In order to place a fixated object on the corresponding retinal points by changing the gaze distance,
vergence must involve the simultaneous rotation of both eyes in opposite directions. In a natural viewing
environment, accommodation and vergence, the two important oculomotor mechanisms, exhibit dynamic
properties while maintaining a mutual response via interoperation for comfortable viewing. However, when
viewing a 3D image on a flat stereoscopic display, discrepancies occur between the degree of
accommodation to achieve a sharp image for a given amount of vergence, which causes perceptual
confusion and conflicts in the wvisual control system. Hence, mutual interactive processes between
accommodation and vergence are investigated in Figure 7.

Voluntary .| Tonic

- s :
Accomm Accomm ‘

saturation saturation

Plant +———= "~

i) 1

p b
T : 1. Fh T
mulus - Q{} Threshold —> Latency 3 C-::nntarilﬁer — @:

i 1
. Phasic | w i . Wergence
. L : : Plant T R
Controller - Qutpu
|saturat an 5aturat|nr1|

Valuntary i Tanic
Vergence | Vergence

b{ Latency

mulus @ ‘{ Threshold

Figure 7—Dual interaction model with fast and slow components

Figure 7 shows that the interoperation between accommodation and vergence shall be modeled by two dual
parallel feedback control systems where each system i1s composed of a controller, a plant, and related
components. The controller, in the physiological sense, refers to the neurological mechanism that generates
neurological signals from blur and disparity to drive accommodation and vergence. The controller
generates an appropriate signal to drive the plant that produces the desired action. For accommodation,
ciliary muscles and the crystalline lens shall be represented as the plant. For vergence, the lateral and
medial recti of extraocular muscles and the eyeball shall be represented as the plant. The feedback loop
shall allow the phasic response to be replaced by the adaptable tonic response. Therefore, when humans
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view a certain object for a very long time, the accommodation and vergence responses exhibit adaptation
due to the tonic components.

6.3 Spatial characteristics of 3D contents

To investigate the spatial characteristic of 3D contents, this standard describes three spatial characteristics
of visual discomfort when viewing a 3D scene: excessive disparity, accommodation and vergence conflict,
and distribution of disparity. Based on the consideration of the spatial characteristics, several features from
the statistics of the disparity map shall be extracted. A 3D image shall have zero, negative, or positive
parallax at the points appearing on the screen itself, behind the screen, or in front of the screen,
respectively. Disparity maps shall have a variety of distributions, for Examples A through F in Figure 8,
which are obtained along the depth axis. The distributions exhibit the disparity characteristics of a 3D
image well, so that the statistics of the distribution are able to be excellent features for the causative factors
of visual discomfort.

~ : p-percentiles on leftandright sides, <e>:Dispersionfromzerodisparity, «-->: Skewness from zero disparity

Positive Dispanty
(Uncrossed Disparity)

Stereo Display

Zaro Disparity

Negative Disparity
(Crossaed Disparity) . A B C D 2 F
pﬁgeﬁgﬂfe Small Large Small Small Small Small
Eﬁ&.ﬁlﬁg Large Small Small Small Small Small
D?;;‘ﬁ;"i‘g’n Middle Middle Small Large Large Large
Disparity Small Small Large Large
Skewness | Positve | Negative Zero Zero Negative | Positive

Figure 8—Examples of disparity distribution and comparisons of statistical features

6.3.1 Excessive disparity

The excessive disparities may appear at one or both ends of distribution of disparity. Especially, in Figure
8, the distributions of Examples A and B have excessive disparities toward positive and negative,
respectively. They suffer from more discomfort caused by excessive disparity than the others. The values of
both ends of distribution shall be a good feature for the excessive disparity. Thus we shall adopt means of

pth-pﬂrcentiles on the both left and right sides of the distribution, f, and f,, respectively, as features:

fie——— 3 dln) (14)

/
dinax | N P n<N-p/100
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fo=——|— > dn) (15)

Imax 'h'lr - = AT —nl
P n=NA100-p )/100

where

N 1s the total number of disparity values
N;j 1s the numbers of p ‘“-percentile on left side ( p shall be a small value, such as 5% or 10%)

N, is the numbers of p ‘h-percentile on right side ( p shall be a small value, such as 5% or 10%)
a’(n) is the n ™ disparity among the disparity values sorted in rank order

d 1s the maximum perceptible disparity

max

Mere minimum and maximum values are not adopted because the disparity map is not perfect and has
errors resulting in extreme values. Hence, the means of p "_percentile on both left and right sides, which

represent the excessive disparity, shall be used to extract the excessive disparity features.

6.3.2 Accommodation and vergence conflict

The accommodation and vergence conflict occurs due to the deviation of distance intended for vergence
eye movement from that for accommodation fixed on the screen. Most non-zero disparities compel
vergence eye movement, which causes visual discomfort, but sufficiently small disparities within a range of
depth of focus may not induce visual discomfort. There is a certain tendency that the more dispersive the
distribution of disparity is from zero, the more the accommodation vergence conflict is likely to occur.
Thus, for the feature of accommodation and vergence conflict, f5, a modified standard deviation inserting

zero instead of the mean shall be measured:

1 [ :
_f;,=ﬂ,m J;;d(n) (16)

where
if f3>1,set f3=1

The distributions of Examples C and D in Figure 8 have the similar means but totally different dispersion
from the zero disparity, which implies that the 3D image of Example D shall induce more severe
accommodation and vergence conflict than that of Example C.

6.3.3 Distribution of disparity

The distributions of Examples E and F in Figure 8 have similar dispersions but different skewness of the
disparity distributions. The negative disparities tend to induce more visual discomfort than positive
disparities. Hence, a modified skewness to deal with the influence of parallax distribution, f;, shall be

defined:
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Za’(ﬁ)
f4 = Zld(ﬁl

(17)

[f a distribution of disparity 1s more concentrated on the negative (or positive) side of zero disparity, f,
becomes closer to —1 (or 1). The sign and magnitude of f, shall be an indicator of disparity skewness from
zero disparity. In the case of Examples C and D in Figure 8, the disparities are symmetrically distributed
around the zero disparity, so that f, becomes zero and there 1s no influence of disparity skewness.

6.3.4 Visual discomfort prediction based on spatial characteristics

The visual discomfort score shall be predicted by using a regression tool that maps the feature vectors ( f,,

fa. fi. f4) to the associated visual (dis)comfort score. The test and training sets are listed in the IEEE-
SA stereo 1mage database with the corresponding subjective mean opinion scores. To apply these features,
a support vector regression (SVR) method may be used, which has been shown to perform well on high-
dimensional regression problems and 1s successfully utilized in the conventional no-reference quality
assessment methods, as shown in Figure 9.

f1
- . _‘\1
3D images Prediction of
| f2 visual
. . discomfort
Disparity Score
Estimation ¢ \_ v
3 :
Visual
£4 Discomfort
j score

Figure 9—Framework of the visual discomfort predictor
based on the spatial characteristics

6.4 Temporal characteristics of 3D contents

6.4.1 General

Once objects in 3D content are formed in the voluminous 3D space, the statistical distributions of those
objects shall be measured with respect to the object disparity over the spatial domain and its movement
over the temporal domain in the 3D space to analyze the temporal characteristics of 3D video.
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6.4.2 Disparity activity

When large disparity variations occur in 3D wvideo, neural metabolic rates are increased, leading to
anomalous binocular percepts and consequent visual discomfort. Thus, disparity activity shall be defined as
follows.

Let M, denote the disparity map of the 3D scene so that each point of M, corresponds to the depth

projection of each voxel. Then

MD(I):{MD[I|‘I23""]1{_:IIEﬂlt'?lixl Eﬂh} (lg)

where

MD(:-:I,x;,f):argmin|ai(.x1,x3,r)—ﬂﬁ(.xl +d,x3,r] (19)
d

Here MD(I) and M”(I“IE’I) denote Mp at time ! and its pixel value at (I“I?)* respectively.
o (x1,%,1) and R (x1,%.1) denote pixel values at (x1,x;) at time ! on the original left and right image,
respectively; and % and ?" denote the width and height, of the original left (or right) image. In Equation
(18), d s the disparity at pixel coordinate (I“I?),, which can be estimated using a suitable stereo

matching algorithm.

As a way of analyzing the natural scene statistics, this standard counts the number of wavelet coefficients
according to magnitude. After taking the wavelet transform, the probability mass function (PMF) of the
wavelet coefficients histogram shall be counted. Let p,(¢) be the PMF of the i " subband in time ¢. Let B

be the set of bins of the histogram with regards to the wavelet coefficients, and p.(j,7) be the PMF of the
j " bin. Then, pr-(r) shall be written by

p.()=1p,(j.,1)vj e B}. (20)

If W, () denotes the wavelet coefficient matrix of the i ™ subband over the wavelet domain, and B is its

interval between bins, the values of wavelet coefficients W, () belonging to the j " bin are in the range of

j= _/2 <W, (M, (I]Iw,h] < j+ B/2 . Using the definitions, p.(/,) shall be represented as

()= D A (w k)i, (21)

where

A (o, )= {1, if j—B2<W,(M,(t))w.h)< j+B/2 22

0, otherwise
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where

. 18 the width and height of the i " subband
i, is the width and height of the i " subband

L

Then, the wavelet coefficients shall be fitted into a statistical model, and its shape parameter shall be found.
Denote the GGD fitting to p, (r) as

GGD\p, (1): 11, (0). o, (1) .7:(0) (23)

where

GGD s the fitting function to the generalized Gaussian distribution
u,(¢) is the fitted mean of p, ()

o.(t) is the fitted variance of p,(t)

7,(t) is the fitted shape parameter of p.(r)

The disparity activity of the i ™ subband in time t shall be obtained by

A.-‘,D (.") _ Ymax — Vi ('f) (24)

Vv —_ :
dOImEN :VITHI'I

where

Ymin 18 the minimum shape parameter
Ymax 18 the maximum shape parameter
¥ (r) 1s the shape parameter of the 7 " subband in time ¢

Hence, the disparity activity shall be written by

Ap=Y [ 4,0)/1)r (25)

where

T 15 the time duration
[ 1s the number of subbands

6.4.3 Motion activity

M ,, denotes the motion map of spatially occupied voxels at the x, y, and z axes. For each direction x, y, or
z, the mean value of location changes over a period of time shall be obtained by
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M, (1)= Z %olxz) /TM (26)

r=t—"Ty; +1 ot
where

M, (I) 1s M, intime ¢,

T, 1s the time interval for extracting the motion map,

M, (I) is the partial differentiation (motion) of voxels 1n the original space between time (-7, +1 and
l.

To assess the motion activity, the motion map M, is applied to the PMF like calculating the disparity
activity.

A (w,hot)= {l, if j—B/2<W,(M,(t)\w,h)< j+B/2 N

0, otherwise

where

i, 18 the width and height of the i " subband

i, 18 the width and height of the i " subband

Then, the wavelet coefficients shall be fitted into a statistical model and its shape parameter shall be found.
Denote the GGD fitting to p, (r) as

GGD\p; (1): ;). o, () 7,(0)) (28)

where

GGD s the fitting function to the generalized Gaussian distribution
M (r) 1s the fitted mean of p, (r)

o, (r]‘:" 18 the fitted variance of p, [r)
¥ (.f) 18 the fitted shape parameter of p; (r]

The motion activity of the i " subband in time ¢ shall be obtained by

A.-‘,M (f): Ymax 7 (‘f) (29)

Y max — Y min

where

¥min 18 the minimum shape parameter
Vmax 18 the maximum shape parameter

¥ (r) is the shape parameter of the / ™ subband in time ¢
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Hence, the motion activity shall be written by

4,=Y (> 4,,0)/1)r (30)

where

T 1s the time duration
[ 18 the number of subbands

6.4.4 Color activity

To obtain a coherent color map, low-pass and median filtering operations are applied to decrease textural
variations, allowing the color components to be observed more clearly. The color map for each color

component of Ch and Cr in YChCr space shall be obtained by

Me0)=Fy P o, x0)], )} celon.cr) 31)

where

M (t) is M as a function of time ¢
F), 1s median filtering
F; 1s low pass filtering

”L(']c is the color component ( Ch and Cr ) of the left image

To assess the color activity, the color map M shall be applied to the PMF like calculating the disparity
activity.

(32)

A (Wh.t‘)— L, ifj_E,/zEW,‘(M.f'(f)xwgfl)ﬂj+§/2
e 0, otherwise

where

i., 18 the width and height of the i " subband

W

i, 18 the width and height of the i " subband

Then, the wavelet coefficients shall be fitted into a statistical model and its shape parameter shall be found.
Denote the GGD fitting to p, (.f) as

GGD(p, (1): 1,(t). 0, (1 .7, 1) (33)

where

GGD s the fitting function to the generalized Gaussian distribution
M, (r) 1S the fitted mean of p, (r)
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a,; {r]‘z 1s the fitted variance of p, (I)
¥ (I) 1s the fitted shape parameter of p. (I)

The color activity of the 7 " subband in time ¢ shall be obtained by

Agj_" (f) _ Ymax — .:Vr'(f) (34)

Ymax — Ymin
where

¥min 15 the minimum shape parameter
Ymax 15 the maximum shape parameter

¥i (r) is the shape parameter of the i " subband in time

Hence, the color activity shall be written by

A=Y (3 4.c0)/1)fr (35)

where

T 1s the time duration
[ 1s the number of subbands

6.4.5 QoE prediction based on temporal characteristics

The 3D wvideo 1s analyzed, and statistical features related to disparity, motion, and color are extracted. The
obtained feature maps are evaluated in the wavelet domain, and the activities (labelled M, M,,, and
M . respectively) are then obtained by Equation (18) through Equation (35). Combining the features
produces the 3D visual activity measure.

Finally, the overall 3D visual activity index shall be obtained by

A=Z& wed,, ke{D,M,C) (36)

where

w, is a parameter that is used to adjust the relative importance of the three factors.

The 3D visual activity shall be used to measure the QoE when viewing a 3D video. Highly “active™ 3D
content often leads to increased visual discomfort; therefore, the use of a perceptual activity measure shall
be used to predict the QoE. A subjective study was conducted to evaluate the relation between the human
perception of QoE and the 3D visual activity measure. The video sequences used in the subjective test were
drawn from the IEEE-SA stereo image database 0. To combine the three factors with appropriate weights

Wik (kE{'D’ M,ﬂ}}? an SVR was also applied. The weights computed turned out to be wp =0.3557 .
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WM 20'44?1, and "'C 20'1961. The computed Pearson linear correlation coefficient (PLCC) (0.7499)
and Spearman’s rank correlation coefficient (SROCC) (0.7344) indicate that 3D visual activity functions
quite reasonably well as a predictor of QoE [B13].

7. Subjective assessment

7.1 General
A new methodology that we call multimodal interactive continuous scoring of quality (MICSQ) for

continuous assessment method is introduced in this clause. In addition, the optimal paired comparison
method is also investigated in this clause.

7.2 Display device for subjective assessment
The results of subjective assessment shall be strongly affected by the performance of display, especially
when viewing 3D contents. It 1s important to note that system crosstalk 1s independent of the content and 1t

1s determined by the display itself (system crosstalk).

The system crosstalk shall be defined by

percentage part of the right - eye 1mage leaked to the left - eye position

system crosstalk = (37)

percentage part of the left - eye 1image observed at the left - eye position

Then, the value of system crosstalk for subjective 3D 1image and video assessments shall be lower than 5%.
Preferably, when the value of system crosstalk is lower than 2%, high rehiability of the subjective
assessment results shall be achieved.

7.3 Continuous assessment methodology

7.3.1 General

Continuous assessment methodology has been widely used in most previous studies because of the time-
variant 3D content characteristics, such as derivatives of motion and disparity, as shown in ITU-R
BT.1438. Conventionally, single stimulus continuous quality evaluation (SSCQE) has been used to assess
presence, depth, and naturalness in 2D and 3D videos. However, it is migrated from subjective 2D video
quality assessment, and the accuracy of this methodology has not been measured empirically in 3D viewing
environments. Thus, a new reliable subjective assessment methodology for the continuous evaluation in 3D
contents named multimodal interactive continuous scoring of quality (MICSQ) 1s investigated in this
standard.
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7.3.2 Multimodal interactive continuous scoring of quality (MICSQ)

7.3.2.1 Interaction process of MICSQ

MICSQ is based on the interaction process among the 3D display, the assessment tool, and subject(s). It is
activated by the device-interaction and human-interaction processes as follows.

The device interaction process of MICSQ shall be conducted by using the interaction process between the
server and assessment tool in real-time as shown in Figure 10. The two important roles of the server are
playing a test sequence and storing the rating score obtained by subjects. To maintain the long-period
synchronization, the tablet shall send the duration time from the beginning to the end of the assessment.
However, when the subject stops the assessment task by mistake, the device interaction process shall make
the assessment task cease and restart from the beginning of the test sequence.

— display (server) — — assessment tool —

| playing test seq performing assessment

M A

ack & duration time synchronization

‘ synchronization

controller controller
A -
device
interaction i
slorage < sampling score - decision
SCare

Figure 10 —Device interaction of MICSQ

The human interaction process of MICSQ provides a main difference from conventional processes by using
a tablet. The concentration loss interrupts an accurate task of continuous assessment, and the immersion to
3D video also obtains unreliable assessment results. To resolve these problems, the assessment tool for
MICSQ makes sight, hearing, and touch stimulus to subjects consistently during the assessment, as shown
in Figure 11. The tablet shall lead the subjects to prevent loss of concentration by using the periodic
flickering, beep sound, and vibration. In order to reduce the immersion problem, the tablet shall adjust the
cycle timing of the flickering, beep sound, and vibration randomly and announce the rating score at every
second. By announcing the score, the subjects shall perceive their own rating score unwittingly, even if the
subjects are fully absorbed in watching test sequence. In particular, although the standard has not been
officially discussed yet, the haptic interface, which 1s a tactile feedback technology between the subject and
the tablet, 1s very appropriate as a human interaction process. Arranged items of the assistant device against
the concentration loss and immersion problems are summarized in Table 1.
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— assessment tool — ——  subject ——
assistance
installation
flickering vibration
perception
beep ‘ timer
announcing ] huma{j
interaction
W
€ sampling score < decision score

Figure 11 —Human interaction of MICSQ

Table 1—Multimodal cues of MICSQ

Multimodal cues

Aural o .
Announcement Beep Tactile Visual
Concentration loss problem periodic beeping periodic (vibration/flickering)

short-term sound

short-term (vibration/flickering)

Immersion problem

wrong situation

short-term sound

continuous (vibration/flickering)

7.3.2.2 Interface of MICSQ

The position of the slider in MICSQ shall be adjusted along a zero to ten score (it can be adjusted) with the
adjective terms [bad], [poor], [sufficient], [good], and [excellent], following the ITU recommendation. The
current rating 1s displayed on the lower left corner of the screen, and the processing time in milliseconds is
displayed on the lower right corner of screen, as shown in Figure 12. The score shall vary continuously

when moving the subject’s finger to left or right on the screen of the tablet.

Copyright © 2015 IEEE. All rights reserved.
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(c) Captured image of count processing (d) Captured image of assess processing

Figure 12 —Client’s user interface of MICSQ

7.3.3 Subjective assessment using MICSQ

7.3.3.1 Geometry of MICSQ

MICSQ shall require participants to provide a real-time subjective rating for visual quality, discomfort,
fatigue, visibility, or sharpness by using a tablet-pc, as shown in Figure 13.

t

r

I

Tt . view point

h o I o

= tablet-pc
¥ (subjective assessment tool)

Figure 13 —Geometry of MICSQ
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Notate the subject’s viewing angle of vertical direction as 26, and the angle among the subject’s eye over
the top and bottom of the display as 28, . The line between the center of the display and the subject’s eye

1s parallel with the floor with the height /H . The angle between the horizontal line and the top and bottom
of the display is

0; = arctﬂn[ i J (38)

—
-

.I'I

As shown in Figure 13, the coordinate of an intersecting point 4 between the subject’s sight and the top of
hJ:F

2z

the tablet is(X,Y,Z)=[[],H— —h,,z,) where

v

h, 1s the height of the tablet while satisfying

i

H — h{fzf

—h, zZH -z, tan@,. (39)

2z,
However, if the subjective assessment 1s conducted by setting the tablet to be perpendicular to the floor,
subjects shall not perceive the tablet screen with a uniform angle from the eyes. Thus, it 1s better to lean the
tablet toward the display. Considering this, this standard shall modify the state of the tablet by leaning
backward to the angle of &,, so that the modified coordinates of 4 and B are calculated by

hd:f

=
3

A = (D,h = (z, +w,sin@, ),z, + w, sin 6, )and B’ = (ﬂ, tan B’c,(' —w, sin g, ], z, —w,sind, ] ,

respectively. Therefore, the angle of 6, shall be

cos@, <

i[:, tan @, — 47 J (40)
h z,

7.3.3.2 Assessment environment

Single-user subjective 3D QoE or visual comfort assessments using MICSQ are performed using 3D
displays such as polarized, shutter-glass stereoscopic displays, and autostereoscopic 3D displays. The
viewing distance shall be set to three times of the height of the display. In addition, an Android-based
tablet-pc shall be needed.

At least 20 people shall participate in the assessment wherein much of them shall not be involved in 3D or
image processing research. All subjects shall have a normal or good visual acuity of greater than 1 and a
good stereoscopic acuity of less than 60 arc.
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7.4 Paired comparison methodology

7.4.1 General

In paired-comparison tests, there are two presentation patterns for the stimulus pair, i.e., the way to display
the stimulus pair to observers. The stimuli can either be presented one after the other on a single screen
(time-sequential presentation) or they shall be presented on two well calibrated and synchronized screens
(time-parallel presentation). Different presentation patterns shall be used for different experimental setups.

The number of observers is defined to make the obtained subjective experimental results reach an
acceptable accuracy level. In general, about 40 observers shall be sufficient to obtain reasonable accuracy.
In addition, the number of stimuli shall be defined to make the paired comparison test feasible and the
presentation order shall be defined to avoid any bias effects from the presentation order of the test stimuli
on the observers” judgment.

7.4.2 Optimized rectangular design for paired comparison

Optimized rectangular design (ORD) 1s a balanced efficient design for paired comparison. “Balanced”
means the occurrence frequency of each stimulus under test i1s identical. “Efficient” means, unlike full-
paired comparison, only a subset of pairs are compared with this design. The selection of the pairs fulfills
the efficiency criterion if they provide more information in a statistical sense on the estimates of the stimuli
than the other pairs.

ORD is used under the constraint that the rank ordering of the stimuli §,;, S,, ..., Sy, is known or can be

estimated, for example, based on pre-test results or prior knowledge. The number of stimuli has to be a
divisible number. The basic i1dea is to arrange the test stimuli into a rectangular matrix according to the rank
ordering and then only compare the stimuli which are in the same column or row. In this standard, a new
ORD method named optimized square design (OSD) is developed as follows.

Suppose the ordering indices of the stimuli (descending or ascending) are d=(d|*d31...ﬁdy), The

rectangular matrix is arranged in such a way that the elements of the vector d are placed along a spiral as
shown in Figure 14, which shall be defined as matrix R, -

—

Figure 14—The design of rectangular matrix R gy
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The stimulus pair {S,-Sj-} 1s compared 1f and only 1f (i,_j) e C (i, j)e C, where C shall be defined as:
C= {(L y}p =p'vg=gq',where x=r, ,y=r,, in Rﬁm}‘ (41)

is the index of the stimulus in position (p,g). In this design, the matrix R, is

RHRD = (Fﬂff Jfﬁ{! 5 }FEJII

2

fixed for all observers.

For better understanding, an example 1s given here. Supposing there are 12 test stimuli. Based on prior-
knowledge, the rank ordering of these stimuli shall be estimated, which is d = (Zjﬁ,ﬁjlj&g,ll{}ﬁljl L?JE).

The R, thus shall be designed as follows:

2 5 6 1
Rogp =11 7 12 8. (42)
4 10 3 9]

In this way, the adjacent stimulus indices d; and d, , are always arranged in the same column or row of
the matrix R, . For example in this example,

C =12.5).(2,6).(2,1).(5,6)(5,1).(6,1),(11,7), (1 1,12),..(2.11).(2,4),(11,4),(5,7)....} . In the test, each participant
compares the stimulus pairs whose indices belong to the set C, 1.e., stimuli {5255} and {SESﬁ}, etc. The

number of appearances for each stimulus 1s five for each participant.
7.4.3 Adaptive rectangular design for paired comparison

Adaptive rectangular design (ARD) is also a balanced and efficient design similar to ORD. This design is
used when the rank ordering of the test stimuli is not available. In this case, the test stimuli are arranged
into a rectangular matrix according to all previous test observations. For the first observer, the arrangement
1s random. The matrix 1s adaptive to all previous observations and updated to each observer. The rule of the
comparison 1s exactly the same with the ORD, 1.e., only the stimuli that are in the same column or row of
the rectangular matrix are compared.

In this standard, ARD is proposed in the way that the matrix R, 1s updated for each observer. Adaptive
square design (ASD) is a special case for ARD, where R, 1s a squared matrix. This adaptive design 1s
used for the conditions that previous estimates are not available. The detailed steps of this design are as
follows:

a) For the first observer, the indices of the stimuli are randomly placed in R, . The pair comparison

experiment is executed, as specified for ORD, only the pairs whose indices are in the same column
or row of R, are compared.

b)  According to all obtained £ -1 (k > 2] observations on the pairs, the paired comparison data shall
be converted to scale values by utilizing the Bradley-Terry model or Thurstone-Mosteller model.
The rank ordering indices of the stimuli (descending or ascending) d*! =(d,’r"_',a’§_' ,...,di‘;-_l)

shall be obtained ( d k-l represents the vector of ordering indices after £k —1 times of observations).

¢) For the k™ observer (ﬁf >2), based on the ordering vector d*', the matrix Hﬁ;m and C* are

constructed as shown in Figure 14, (R{%Ru and C* represents Rorp and C for the k™ observer).
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The pair comparison experiment is executed, as specified for ORD, only the pairs whose indices

are in the set C* are compared.

d) Repeat from b), until termination conditions are satisfied (e.g., all observers finished the test or the
targeted accuracy based on confidence intervals 1s obtained).

The following shows an example with 12 stimuli as presented beforehand. As there is no pre-test for the
test stimuli, for the first observer, the indices of the stimuli are randomly arranged in the matrix as follows:

1 2 3 4
Riwp =15 6 7 8/ (43)
9 10 11 12
3(row ) x 43 + 4(column ) 3X2 _ 30

Thus, for the first observer, there are in total pairs to compare, 1.€.,
{S]Sz }, {S] S5 }, {5154 }, {535'3 },...{5115,1}. After the first observer’s test, the rank ordering of the quality of

the stimuli shall be estimated as d' = (3,5,1,6,9,12,2,4.8,7,10,11).

For the second observer, the matrix R, is arranged according to this rank ordering in the before-
mentioned spiral, thus:

3 5 1 6]
Roep =17 10 11 9 (44)
8 4 2 12

Then, for the third observer, the matrix R, is updated based on all previous two observers’ pair-

comparison results. This procedure of executing the subjective assessment, calculating the ranking, and
rearranging the data into the matrix continues until the test is finished.

7.4.4 Subjective assessment using paired comparison

7.4.4.1 Number of observers and stimuli

Generally, in a paired comparison test using full paired comparison (FPC) method, 10 1s the minimum
required number of observers. To achieve the same level of accuracy (20 observers in an FPC test), 40
observers are necessary for the ARD or ORD methods.

In addition, the number of stimuli shall be taken into account to avoid any fatigue induced by watching the
same video content. Thus, guidelines for the selection of the number of stimuli are proposed:

a) For each observer, 1f the viewing material 1s deemed comfortable, then the test time shall be 20 to
40 min mtermixed with breaks. If the material 1s known to contain excessive parallax, and thus
known to be potentially uncomfortable, then the duration shall be limited.

b)  The number of stimuli shall be estimated based on the test method and the duration of the stimuli.
For example, if the duration of the test stimulus 1s 10 s, and between each sequence shall be a gray

image that lasts 3 s, adding 5 s for voting, one pair will require 10+3+10+5=28 s using time-
sequential paired comparison, and 10+5+3 =18 s using time-parallel-paired comparison. The
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targeted number of pairs in the test 1s 43 to 86 pairs for time-sequential method, and 67 to 134 pairs
for the side-by-side method.

Generally, in an image/video quality assessment experiment, there are source video contents (SRC)
with different types of distortions or different levels of degradations. In this case, only the video
sequences of the same content but with different degradations are compared in the test. The number
of video contents and the number of degradation types shall be estimated to follow Guideline 1. For
example, 1f 6 SRCs are selected and the planned test duration i1s approximately 40 min, the time-
parallel comparison is selected, then, for each viewer, the maximum number of pairs is 134 which
lead to 134/6 = 22 pairs/SRC. According to Figure 15, when mapping 22 to the x-axis, the
corresponding y-axis value for the number of hypothetical reference circuits (HRCs) i1s
approximately 10, e.g., the matrix R, shallbe 2x5 or 2x4 or 3x3.

The selection of the number of SRCs shall take into consideration that observers would not get fatigued,
impatient, or annoyed with watching the same content repeatedly, 1.e., the number of contents shall be
sufficiently large.

ED“”'E)%
i 5 33 é i
3 é ; é i é
‘5 é 5 f
= . 13 E : :
E»m- L TRREN
= | o
2 i
L § O Square design
j { Rectangular design
DD 20 40 60 g0 100 120

Number of Comparisons

Figure 15—Relationship between the number of HRCs
and comparisons in rectangular design

7.4.4.2 Constraints on presentation order

In the process of the stimulus presentation, an imbalance of the randomization of the stimuli shall affect the
paired comparison results significantly. Thus, the constraints on the stimulus randomization shall be
defined as follows:

a)

The presentation of the sequence content shall be random, no observer watches the same content in
two consecutive presentations.
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b) For each observer, the presentation order for each sequence shall be balanced, 1.e., {S i) ;r}:-
{SFSA}. This means for all the pairs that include stimulus § ., half of the pairs shall show §,
first, the rest shall show S, second in time-sequential pair comparison presentation. For the
condition of time-parallel pair comparison, half of the pairs shall show S, on the left screen, the
rest shall show 5§, on the right screen.

For all observers, all the pairs of stimuli shall be displayed in both orders. For example, if one observer
watches {S Y }, there shall be another observer who watches {.S‘ g 4 } :
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