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Abstract High Dynamic Range (HDR) television promises to display higher
brightness and deeper black levels and thus more vivid and realistic images. Howe-
ver, home video distribution and video broadcasting were historically designed for
what we now call standard dynamic range screens (SDR). In order to display SDR,
content on an HDR screen, it is explicitly or implicitly converted, in a process
called inverse tone mapping (iTMO). This paper’s goal is to assess the perceived
quality of converted SDR content in comparison to natively graded HDR con-
tent. In doing so, this paper aims to enable content creators/distributors to make
informed choices between creating/broadcasting HDR content or relying on con-
version. To this end, a psychophysical experiment was performed to tests how
viewers evaluate the difference between natively graded HDR and a set of SDR
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to HDR conversion options in a television setup. Results indicate that viewers
prefer natively graded HDR content, followed by inverse tone mapping algorithms
starting from videos with a compressed dynamic range. When comparing con-
version options, users clearly prefer conversion from ’compressed dynamic range’
SDR over ’clipped dynamic range’ SDR. Users disliked videos that were naively
stretched from standard SDR. In addition, a significant effect of type of sequence
was found, with a preference for light scenes with low contrast.

Keywords High Dynamic Range - Inverse Tone Mapping - Subjective study

1 Introduction

High Dynamic Range (HDR) is considered an important next step in the evolution
of television technology. HDR imaging overcomes the dynamic range limitations of
traditional imaging by capturing the full range of the visible light spectrum (e.g.,
highlights and deeper tones) and colors that exist in the real world by perfor-
ming operations at high bit-depths [7]. Dynamic range refers to the ratio between
the brightest whites and darkest blacks present in an image, and it is commonly
measured in f-stops (or simply stops), which is the logarithm of the ratio. The follo-
wing definitions of the different types of Dynamic Ranges, based on the number of
f-stops (the term f-stop refers to the contrast ratios), were adopted: Standard Dy-
namic Range (SDR) is < 10 f-stops (also known as Low Dynamic Range (LDR)),
Enhanced Dynamic Range (XDR) is > 10 f-stops and < 16 f-stops, High Dynamic
Range (HDR) is > 16 f-stops [28].

HDR technology is capable of enhancing the quality of television experience
with a dynamic range comparable to the Human Visual System (HVS) [49]. Addi-
tionally, due to its truthful representation of the real world with more details and
information about the scenes, it is becoming more relevant in other fields such as
video game developing, medical imaging, computer vision, scientific visualization,
surveillance, among others [15].

In the real world, people are capable of perceiving daylight levels from 10*
to 108 candela per square meter - cd/m2 (photopic vision), to night’s luminance
from approximately 10~* to 107% e¢d/m? (scotopic vision) [25, 35]. The subjective
television study of [10] found that the average person has a luminance dynamic
range of 0.005 cd/m? to 3000 cd/m?. Another small-screen viewer study [9] found
that the preferred maximum luminance on average is 20000 c¢d/m?. HDR proto-
type monitors are now able to display a contrast ratio of 1000000:1 with a peak
luminance of 6000 cd/m?. These values are much higher than the peak bright-
ness of standard television displays, which is around 100 cd/m? [17]. Similarly,
so-called "HDR compatible TVs" that can produce brightness levels up to 1000
cd/m? or 1000 nits (a "nit" is another way to describe a brightness of 1 c¢d/m?)
and a wider color palette, have become more affordable in recent years. Conse-
quently, it is crucial to develop efficient ways of handling HDR content, including
developing efficient HDR, video compression algorithms and ways of dealing with
legacy material, both content, and technology.

The complexity of HDR requires upgrading the entire end-to-end pipeline: Cap-
turing, Manipulation, and Displaying. The process of capturing HDR images has
been the focus of work by many researchers, artists, and photographers. Imaging
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technology has advanced in such a way that capture, encoding, storage and deli-
very of a broad dynamic range are now possible [30, 44]. The introduction of HDR
technology has provided new opportunities for content creators to enhance their
storytelling and develop their creative vision [40].

Unfortunately, SDR content is still the standard in broadcasting and for regu-
lar home video distribution. Moreover, a large amount of legacy content has been
recorded and/or graded in SDR. To properly display SDR content on an HDR dis-
play, an inverse tone mapping operator (iTMO) is required (i.e. SDR~to-HDR con-
version). Inverse tone mapping algorithms work on reproducing real-world appea-
rance images by using SDR images as input [38, 43]. The emergence of such SDR-
to-HDR conversion brings up a question: What is the perceptual quality advantage
of natively creating and distributing HDR content over using SDR-to-HDR con-
version in a traditional pipeline?

To address this question, this paper presents a psychophysical experiment eva-
luating the perceptual quality of several approaches of inverse tone mapping and
different types of video sequences with different brightness and contrast levels and
comparing to natively graded HDR. We decided to carry out this study because
psychophysical experimentation is considered the most reliable and accurate way
to measure perceived multimedia quality and perform a quantitative compari-
son [26, 47]. Therefore, it gave us the opportunity to perform a reliable compari-
son of the results obtained by the different inverse tone mapping approaches. More
particularly, we tested the following three different approaches for dynamic range
expansion:

— XDRi: Inverse tone mapping using simple linear stretching. To obtain the
input SDR content, the dynamic range of the raw video sequence is clipped
prior to grading.

— XDRa: Inverse tone mapping using non-linear expansion operators. To obtain
the input SDR content, the dynamic range of the raw video sequence is clipped
prior to grading.

— XDRs3: Inverse tone mapping using non-linear expansion operators. To obtain
the input SDR content, the dynamic range of the raw video sequence is com-
pressed during the grading.

Figure 1 depicts the three different approaches for dynamic range expansion
we assessed. As can be seen, for XDR; and XDRgy we used the same SDR content,
which was obtained by clipping the dynamic range of the raw video sequence before
grading. Instead, for XDR3 the SDR content was obtained by compressing the raw
video sequence during the grading. Table 1 shows visual differences between the
content that was clipped prior to grade and the content where the dynamic range
was compressed during the grading. Details in bright areas can be perceived in the
content that was compressed during grading.

As inverse tone mapping expansion operator, we used a novel fully-automatic
inverse tone mapping algorithm that is specifically designed to expand SDR video
streams to HDR based on mid-level mapping [29]. This algorithm extracts features
that represent the contrast, overall brightness and percentage of overexposed pixels
in a frame of video and adapts the expansion curve used for the expansion of this
frame to reach the most adequate mid-level (overall brightness) on the resulting
HDR image. This algorithm allows expanding LDR images to the HDR domain
with a peak brightness higher than 1000 nits.
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Fig. 1 Inverse tone mapping approaches.

Table 1 Visual differences between the SDR content where the dynamic range of the raw
video sequence was clipped prior to grading (left) with the SDR content where the dynamic
range of the raw video sequence was compressed during grading (right).

SDR content obtained by clipping the raw SDR content obtained by compressing the
video sequence prior to grading (used to raw video sequence during grading (used
compute XDR; and XDR2) to compute XDRg3)

This paper is organized as follows: An overview of related works is given in Sec-
tion 2. Then, motivation and research questions are detailed in Section 3. Section 4

describes the method used in our study. Results are presented in Section 5. Finally,
discussions and conclusion are presented in Section 6 and Section 7, respectively.

2 Related work
2.1 Inverse Tone Mapping

The expansion of the dynamic range of standard dynamic range content can be
done in different ways. From a broader viewpoint, techniques for inverse tone
mapping can be divided into a) techniques based on simple linear stretching and
b) more complex techniques, based on non-linear expansion operators. The first
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set of techniques stretches the SDR content to HDR using a bit-depth extension
technique to increase its bit-depth, commonly from 8 to 10 bits [11, 12]. The
second set performs the expansion operation using a so-called inverse/reverse tone
mapping operator (iTMO) and it can be classified on the basis of their operation
on the image [38]. The main task of an iTMO is to recreate HDR content from
input SDR content. Most of the iTMOs seek to preserve aspects of the original
SDR image such as contrast, brightness, and color [6, 23, 33, 43]. Nonetheless,
more advanced techniques are focused on trying to reconstruct details that might
be lost on under/over-saturated regions in the SDR image [27, 31].

2.2 Subjective evaluation of Inverse Tone Mapping techniques

Inverse tone mapping algorithms and the objective evaluation of its performance
have been meticulously explored. Objective evaluation techniques are usually per-
formed by using full-reference quality metrics, where the input SDR image or HDR
image is used as a reference [3, 48]; or by using a blind quality assessment approach,
where the evaluation is done without information from a reference image [8|.

In order to obtain a reliable rating for the quality of HDR images, researchers
should take the psychophysical processes of the Human Vision System (HVS) and
the subjective perception into account [46]. A previous psychophysical study has
assessed how the inverse tone mapping operators perform across a wide range
of exposure levels by using a criterion of subjective fidelity, asking participants
how accurately the scene in the assessed HDR image is with a scene in the real
world [32]. However, other studies have evaluated more specific variables such
as the overall similarity, the similarity in bright and dark areas, and the color fi-
delity [2, 4]. A more recent study was conducted to test the veracity of the assump-
tion that HDR video would be preferable by the end-user over SDR video [34].

3 Motivation

When making the move towards SDR television on HDR displays, it is important
to conduct a psychophysical user experiment to understand the effect of different
illumination and contrast levels in the video as well as the difference between
different types of dynamic range expansion techniques and natively graded HDR
content. Hence, the goal of the present paper is to investigate how viewers assess
the quality of the produced videos with the different techniques to expand the
dynamic range of SDR content to display it on HDR devices. Therefore, we propose
the following research question:

— RQ;i: How do viewers assess the quality of HDR linearly stretched from SDR
where the dynamic range of the input SDR is clipped prior to grading (XDRy),
inverse tone mapped using a non-linear expansion operator where dynamic
range of the input SDR is clipped prior to grading (XDR2), and inverse tone
mapped using a non-linear expansion operator where dynamic range is com-
pressed during grading (XDR3)? With this research question, we will specifi-
cally focus on the following questions:

— RQ1.1 Is it useful to natively (manually) grade HDR (HDR vs. XDRy,
XDRg, XDR3)?
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— RQ1.2 Is it useful to apply an inverse tone mapping algorithm when upsca-
ling from SDR to HDR, or could we just as well stretch linearly (XDRqvs.
XDRg, XDR3)?

— RQ1.3 Is it useful, when grading for SDR and knowing that it will be
expanded to HDR, to reduce the range during grading as opposed to before
(XDR2 vs. XDR3)?

Moreover, we want to know if the type of displayed video sequence influences
viewers’ assessment of the quality of the video. Therefore, we propose the second
research question.

— RQa2: Does the nature of the scene (light vs. dark, large vs. small contrast)
affect how viewers assess the quality of the video?

To answer these questions, we set up psycho-visual experiments that are des-
cribed in the following sections.

4 Method
4.1 Participants

Before the actual experiment, a pilot study of the television experiment (N =
11, Mage = 29.64, SDgge = 5.24, 73% male, 24 - 39 years old) was conducted.
Forty-three people (Mgge = 26.44, SDgge = 6.3, 49% male) participated in the
main within-subjects experiment, of which 32 were non-experts users and 11 were
experts in video and image processing.

4.2 Design

A pilot study was conducted to: 1) evaluate the efficacy of the study design,
2) to evaluate the analytical methodology for measuring the perceived quality
of the HDR video content, and 3) to have an initial indication of the scores of
perceived video quality and the effect of the independent variables video sequence
and dynamic range expansion approach.

In the effective experiment, we examined the subjective perception of the qua-
lity of a series of video sequences. To achieve this, we used an AB design with
reference, based on the double-stimulus impairment scale (DSIS) [19]. More specifi-
cally, subjects assessed overall quality, vividness of color, and contrast quality diffe-
rences between two videos, using the first video as a reference to rate the second
video.

The overall quality refers to the human perceptual judgment of overall quality
of the second video with respect to the first one. The subjective criteria of vividness
of colors, also know as colorfulness, refers to how saturated-brilliant is the color
appearance of the colored objects in the video, vague and dim (low quality) or
perfectly clear and vivid (high quality) as real seeing [22]. And, the contrast refers
to how the difference between blacks and whites are perceived by the observer,
the video do not exhibit a great deal of difference between its lights and darks and
appears flat or dull (low quality) or they exhibit a full range of tones from black
to white, with dark shadows and bright highlights [39].
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In each trial, the same video sequence was shown twice, with a (possible) diffe-
rent grading method. The experiment was fully counterbalanced, implying that
every dynamic range expansion technique (XDRi, XDR2, XDR3) and the na-
tively graded HDR, was compared with every dynamic range expansion technique
(including the natively graded HDR) twice (once with video 1 as reference stimu-
lus and video 2 as test stimulus, and once in the other way). There were 6 different
video sequences, amounting to a total of 96 trials (4 reference grading methods x
4 test grading methods x 6 video sequences).

4.3 Materials
4.8.1 Professionally graded video content

Professionally graded video content refers to video sequences that have been ob-
tained by altering and/or enhancing a master (or a raw input video), in order to
be properly displayed on an specific display. This process involves an artistic step,
where the "grader" manipulates the input to better express the director’s artistic
intentions on the final graded content, which is extremely important to offer a
reliable base to the discussion on how the content is perceived by the viewers.

The process for mastering motion pictures usually consists of creating a thea-
trical master and then applying a so-called "trim pass" to create a home video
master, either in HDR or SDR [40]. This process can be done simultaneously by
dual-mastering, which means to have two different pipelines, one to create an LDR
master (natively graded on a SDR display) and another to create an HDR master
(natively graded on an HDR display); or by grading the HDR master first and
then obtain the SDR, version by tone mapping [37]. Although the SDR master has
a narrower range of luminance and color gamut than the HDR master, both have
been graded to transmit the same artistic intentions, as well as, to ensure the best
consumer experience when they are displayed. Indisputably, the HDR domain pro-
vides more room for filmmakers to improve their storytelling in comparison with
SDR domain. However, in the end, their artistic intentions must be reflected in
both types of content.

4.3.2 Video sequences used in our study

In this work we analyzed if natively graded HDR video (content graded using
a HDR display as a reference), linearly stretched SDR (XDR1), and two types
of inverse-tone mapped HDR sequences (according to the input SDR content)
using non-linear expansion operators (XDR2 and XDR3), elicit different viewer
responses on the assessment of HDR video quality. Additionally, we investigated
whether the nature of the scene influenced the perceived HDR video quality.

For this research, the Flemish Radio and Television Broadcasting Organiza-
tion (Vlaamse Radio- en Televisieomroeporganisatie-VRT) produced a short film
of about 5 minutes which contained a wide variety of scenes in different luminance,
contrast, and transition conditions. This short film was professionally graded by
experts at VRT in HDR and SDR (both, by clipping the dynamic range prior gra-
ding and by compressing the dynamic range during grading) by dual-grading, using
a SIM2-HDRATE and a Barco type RHDM-2301 as reference displays, respectively.
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The SIM2 HDR display contains 2202 individually modulated LED back-lights,
which can reach up to 6000 nits of peak brightness [1]. Both versions, the HDR
and SDR, were produced in full HD (1920x1080) at 24 fps. For the experiment,
we selected six different video sequences of 15 seconds each, which represent all
different scenes present in the short film. The selected sequences are described in
Table 2.

All video sequences used in this study contain a low intensity of motion activity.
The motion activity is defined as the perceived subjective degree of activity, or
amount of motion, in a video sequence [14, 21].

Table 2 Video sequences used in the study

Thumbnail Scene name Label  Description

An average scene filmed outdoors during the

AVG
Average day with moderate brightness

Street DHC AtAmcSl?rk scene filmed at night with high con-

DLC A dark scene filmed with dim light with low

Mannequin contrast
. A scene filmed with dim light that contains
LHC

Welding bright parts with high contrast

Heaven LLC A bright scene with high luminance and low
contrast
A scene with a transition from dark to

Garage TRA bright

The short film, both HDR and SDR version, and sequences used in this study
are available at: http://telin.ugent.be/ gluzardo/experimental _study

4.4 Procedure
First, participants sat in a waiting room close to the experiment room to adapt to

the ambient light of 50 lux. During the adaptation, participants read a document
with information about the experiment, including the explanation about the three
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subjective perception of quality aspects that they were going to assess for each
video sequence: overall quality, vividness of colors, and contrast. This document
included a detailed description of these three aspects and examples of images with
low and high quality scores for each one. Then, after adapting for five minutes,
participants were seated in the experiment room with a viewing distance of 1
meter from the HDR screen. The participants had to go through a number of
trials in which first a reference video was presented with a duration of 15 seconds,
followed by a completely gray screen with a fixation cross positioned in the middle
of the screen for a duration of two seconds. Next, participants were asked to rate
the general quality, the quality of the colors, and the quality of the contrast in
the second video. All three ratings were indicated on a 7-point Likert scale for
(-3: much worse, -2: worse, -1: slightly worse, 0: the same, +1: slightly better, 42:
better, +3: much better) using the left mouse button. Clicking a rating also started
the next trial. All information for the participants was projected in the center of
the television screen while maintaining a black background level. In this way, the
attention of the participants remained on the screen. Table 3 shows a preview of
the sequences that participants had to rate during this experiment. Images have
been tone mapped in order to properly show them in this document.

Table 3 Preview of the sequences that participants had to rate during this experiment. Images
have been tone mapped in order to properly show them in this document.
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Fig. 2 Experimental setup.

The experiment was divided into two sets spread over two days, with each set
lasting around 40 minutes. The sequence of conditions was randomized. To ensure
the accuracy of the answers, the experiments were counterbalanced. Because of this
procedure, and to avoid interaction between the different participants, the tests
were taken individually so only one participant was present in the experiment
room at any given time. The ambient light of the experiment room was 50 lux, to
simulate the ambient light of a dark living room. Figure 2 shows the setup of the
experiment.

4.5 Data-analysis

The data in this experiment are the responses to three presented Likert scales,
gauging for perceptual differences in general quality, color quality, and contrast
quality. The response options on Likert scales have a rank order, but cannot —
strictly speaking — be considered equidistant, as the distance between the values
‘'much worse’ and 'worse’ may not mean the same as that between ’same’ and
slightly better’ [24]. In other words, Likert scales yield ordinal data, not interval
data. Still, such data is frequently treated as if it were normally distributed and
analyzed using parametric statistical tests. This practice has been (and still is)
the subject of some academic debate, the full extent of which is out of the scope
of this paper [20, 24, 36, 42]. In this study, we used parametric tests. Aside from
the theoretical arguments in favor of the robustness of parametric tests for Likert
data [36, 42], we also contend that the symmetrical nature of both the Likert scales
and the experimental design precludes the emergence of skewed data - a problem
typical of Likert response scale data [36] (see fig. 3 for response distributions). In
addition, our scales also showed numerical labels (e.g., -2’) along with the semantic
labels (e.g., 'worse), further deflating potential criticism.

We analyzed the response data using linear mixed-effect models with a Gaus-
sian link function, as implemented in the R package 'lme4’ [5]. Mixed-effect models



Study on the Perceived Quality of HDR Versus Inverse Tone Mapped HDR content 11

0.4
0.4
0.4

0.3
0.3
0.3

0.2
Density
0.2

Density
0.2
Density

EZ

=

=

0.1
0.1
0.1

=

N
AN

=
T T T T T 1
-3 2 -10 1 2 3

0.0
0.0
0.0

-3 -2 -1 0 1 2 3

General quality rating Color quality rating Contrast quality rating

Fig. 3 Quality rating histograms.

can take individual differences into account (e.g., different baselines in observers’
response tendency), and allow us to more accurately estimate the coefficients of the
fixed terms of our statistical model (i.e., the experimental effects on a population
level) [45].

Statistical modeling consisted of the following steps. First, each set of responses
(general, color and contrast quality ratings) was fit with a model containing dy-
namic range expansion approach (XDRi, XDRg, XDRg3, or HDR) and the in-
teraction between dynamic range expansion approach and video sequence (AVG,
DHC, DLC, LHC, LLC, and TRA) as fixed factors. The dynamic range expansion
approach variable represents the technique used for dynamic range expansion (in-
cluding natively graded HDR) of the sequence that was judged (i.e., the second
sequence of the double-stimulus evaluation). We purposely did not include the dy-
namic range expansion approach of the reference sequence in our model, because
(1) this complicates the analyses without gaining useful information, and (2) since
all types of approaches were compared with every other type (including itself) an
equal amount of times, we are still left with a fair comparison. We also left out the
factor video sequence — outside of its interaction with the variable dynamic range
expansion approach — as the main effect of this variable would be nonsensical: each
rating represents a comparison of different dynamic range expansion techniques,
yet applied to the same video sequence. Any effect on the observer’s responses
should therefore not be attributed to the main effect of the sequence itself. By
default, a random intercept was added conditional on the subject variable. We
then assessed whether it was appropriate to add a random effect for either of the
within-subject variables, by checking whether such addition significantly increased
the model’s goodness of fit.

In a second step we sought out the most parsimonious model by systemically
restricting the full model (including all relevant factors and interactions), and
comparing the goodness of fit using likelihood-ratio tests. In a third and final step,
we inspected the analysis of variance table and tested specific hypotheses. For a
similar approach, see [13, 16, 41]. As we test an increasing number of hypotheses,
we also increase the risk of encountering a Type I error - a false positive. To
mitigate this risk, a correction is typically applied. In this study, we adhered to
the Holm-Bonferroni approach [18], as reflected in the corrected p-values (peorr).
The significance level used was a = .05.
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5 Results

The model that best fit the data included a random subject-based intercept, as
well as a random effect for the dynamic range expansion approach variable. In
this model, we detected a significant interaction effect (dynamic range expansion
approach x video sequence), removing the need for further model restriction. Im-
portantly, yet unsurprisingly, this was the case for all ratings — general quality,
color quality, and contrast quality — leaving us with the following overall statisti-
cal model (using lme4 [5] notation):

Q ~ DREA + (DREA:SEQ) + (1 + DREA | PP)

In this formula, Q stands for the quality rating, DREA for dynamic range ex-
pansion approach, SEQ for Video Sequence, and PP for participant. All hypotheses
were tested using this model.

5.1 Research Question 1 (RQ1)

Our first research question pertained to the impact of different dynamic range
expansion approaches on viewers’ perception of the general quality, color quality,
and quality of contrast. This research question was split up into three parts, which
were answered by testing the corresponding contrasts (see Table 4).

RQn.1: Is it useful to natively grade HDR (HDR vs XDR1, XDR2, XDR3)? We
found that natively graded HDR content indeed predicted better ratings, both for
general quality (x? = 338.830, p < .001), color quality (x* = 93.425, p < .001),
and contrast quality (X2 = 123.85, p < .001).

RQ1.2: Is it useful to apply an inverse tone mapping algorithm rather than
linearly stretch the range (XDR1 vs XDR2, XDR3)? We found that the use of
an inverse tone mapping algorithm predicted superior quality ratings across the
board (general quality: x? = 1314.000, p < .001; color quality: x? = 176.560, p <
.001; contrast quality: x? = 265.250, p < .001).

RQ1.3: Is it useful to compress range during grading, rather than clipped it
beforehand (XDR3 vs XDR2)? While compression during grading predicted better
general quality ratings (x* = 7.984, p = .005), and better color quality ratings (x>
= 10.165, p = .001), it was not associated with higher ratings of contrast quality
(x* = 3.6328, p = .057).

Table 4 Contrast table for Research Question 1 (RQ1)

General Color Contrast
RQ 1.1 1.2 1.3 1.1 1.2 1.3 1.1 1.2 1.3
X2 338.83 1314 7.984 93.425 176.56 10.165 123.85 265.25 36.328
D 0.001 0.001 0.005 0.001 0.001 0.001 0.001 0.001 0.057

Pcorr 0.021 0.021 0.035 0.021 0.021 0.021 0.021 0.021 0.399

Significant p-values indicated by boldface (o = .05).
Peorr TOWs indicate corrected p-values according to Holm-Bonferroni method.
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5.2 Research Question 2 (RQ2)

Our second research question pertained to the characteristics of the video sequence
that was used in the comparison, and whether they influenced quality judgments.
The significant interaction effect (dynamic range expansion approach x video se-
quence) in our model suggests that this is indeed the case. To further analyze the
nature of this interaction, we tested all sub-hypotheses of RQ; again, now applied
to each separate video sequence (labeled as RQ2.1, RQ2.2, and RQ2.3). This re-
sulted in a (corrected) set of 54 (3 x 3 x 6) contrasts, which are shown in Table 5
(see also Fig. 4).

Results for RQ2.1 indicated that natively graded HDR content received better
quality ratings compared to the combined ratings of XDR;, XDRa, and XDRs,
regardless of the video sequence involved (all peorr < .05), barring two exceptions.
Color quality ratings for the DLC were only marginally significant after correction
(peorr = .054), with better ratings for HDR sequences. In addition, contrast quality
ratings for this sequence were not significantly different between the tested groups
(peorr > .05).

Visual inspection of the data suggested, however, that these effects are driven
to no small degree by the low ratings given in the XDR; condition. As XDR; was
expected to perform worst in the ratings, we ran post-hoc tests comparing HDR
with XDR2 and XDR3 — this time barring XDR1. All contrasts were significant
(peorr < .05), i.e. HDR outperformed XDR2 and XDR3 for all sequences and in
all ratings, except for the following conditions. Our test did not reach significance
for any quality ratings awarded to DLC video sequences (all peorr > .05), and in
LHC video sequences the contrast was not significant for color rating data (x? =
1.575, peorr = .210).

With respect to RQ2.2, we found that HDR content obtained by using an in-
verse tone mapping algorithm led to significantly higher ratings of general, color
and contrast quality across all video sequences (all peorr < .05). Finally, results
were a little more complex for RQ2.3, as the applied correction method significantly
impacted the obtained results. More specifically, 6 contrasts were initially signifi-
cant, predicting a difference in quality rating between XDR2 and XDR3 in the
following conditions: AVG, DHC, and LHC for general quality ratings, AVG and
LHC for color quality ratings, and DHC for contrast quality ratings (all peorr <
.05). After correction, however, only the color quality rating for the AVG video se-
quence tested significant, predicting a better rating for XDR3 compared to XDRa.

6 Discussion

In this paper, we assessed the perceptual quality of the most common techniques of
inverse tone mapping using different types of video sequences, from dark to bright
scenes and from low to high contrast, in comparison to natively graded HDR. We
first analyzed how observers perceived video sequences in terms of general, color,
and contrast quality, depending on the applied dynamic range expansion approach.
Second, we investigated whether the visual characteristics of the video sequence
affect an observer’s perception when comparing these approaches.

Our analyses clearly demonstrate the impact of different dynamic range ex-
pansion approaches on perceived general image quality, image color quality, and
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General Quality Rating
o

AVG DHC DLC LHC LLC TRA
Video sequence

Color Quality Rating
o

AVG DHC DLC LHC LLC TRA
Video sequence

Contrast Quality Rating
o

AVG DHC DLC LHC LLC TRA
Video sequence

Dynamic Range

Expansion Approach XDR1 —e- XDR2 —4- XDR3 HDR |

Fig. 4 Average quality ratings for video sequences subjected to different dynamic range ex-
pansion approaches, including 95% confidence intervals.
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Table 5 Contrast table for Research Question 2 (RQz2)

Quality Rating

Video
se- General Color Contrast
quence
RQ 2.1 2.2 2.3 2.1 2.2 2.3 2.1 2.2 2.3
AVG x> 101.600 144.600 4.141 57.583 79.128  8.750  96.277 97.728 0
D .001 .001 .042 .001 .001 .003 .001 .001 1
Pcorr .021 .021 210 .021 .021 .021 .021 .021 1
DHC X2 294.750 262.270 4.860  164.690 T77.689  3.214  127.370 96.484  6.302
D .001 .001 .027 .001 .001 .073 .001 .001 .012
Peorr 021 .021 162 .021 .021 292 .021 .021 .096
DLC x> 4.999  429.670 .016 6.765 119.380 .289 .864 82.182 .016
D .001 .001 .899 .009 .001 591 .353 .001 .898
Pcorr .021 .021 1 .054 .021 1 1 .021 1
LHC X2 85.926 301.320 4.141 18.750  79.128 4.250 33.206 7.785 2.897
D .001 .001 .042 .001 .001 .039 .001 .001 .089
Pcorr .021 .021 .210 .021 .021 195 .021 .021 .534
LLC X2 89.427 126.540 .259 47.643 89.184 .018 104.520 182.910 .147
D .001 .001 611 .001 .001 .893 .001 .001 .702
Pcorr .021 .021 1 .021 .021 1 .021 .021 1
TRA x> 114.220 247.570 .002 41.539  75.556 129 96.799 105.799 .045
D .001 .001 .966 .001 .001 720 .001 .001 .831
Pcorr .021 .021 1 .021 .021 1 .021 .021 1

Significant p-values indicated by boldface (o = .05).
Peorr TOws indicate corrected p-values according to Holm-Bonferroni method.

image contrast quality (RQ1). We found strong evidence for the added value of
natively/manually graded HDR footage, as these sequences were perceived to be
of higher quality in each of the measured dimensions. As expected, we found that
a more complex inverse tone mapping algorithm outperforms techniques based on
simple linear stretching in all quality ratings. Results also show that compression of
the high dynamic range during grading is useful, as it leads to both better ratings
of general and color quality compared to compression after grading. However, it
does not appear to yield a quality gain with regard to contrast quality perception.

Follow-up analyses were conducted to assess whether the characteristics of the
video sequence itself can influence these effects (RQz2). Our results suggest that
this is indeed the case. As expected, manual grading of HDR outperforms the other
expansion approaches for every type of video sequence, bar one: the dark, low con-
trast fragment did not yield better contrast quality ratings, and only marginally
better color quality ratings. Since visual inspection of our data suggested that
these results were primarily driven by the low ratings granted to linearly stretched
HDR images (XDR1), we then exclusively compared HDR to inverse tone mapping
algorithms (XDR2 and XDR3). Again, we found that natively graded content out-
performs the use of an inverse tone mapping algorithm on all fronts, with two
exceptions. No effects were found for the dark, low contrast fragment, nor was
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color quality perceived differently in the light, high contrast sequence. The use
of an inverse tone mapping algorithms is found to outperform a linear stretch
approach, regardless of the visual characteristics of the video sequence. Finally,
some evidence was found in favor of compressing the dynamic range during gra-
ding (XDR3), rather than clipping it (XDR2), specifically for the color quality
of average video sequences. It is worth mentioning, however, that many of these
contrasts were found to yield significant results prior to our p-value correction.
Since this experiment was not designed to compare specific video sequence x dy-
namic range expansion approach combinations, these results were numbed by the
rigorous corrections for multiple testing. Still, our findings support the practice
of compressing the dynamic range during grading, potentially resulting in better
overall video quality. Follow-up research is warranted.

7 Conclusion

This study yields a threefold conclusion: First, it is still worth to invest in manual
HDR recording, grading, transmission and display for new, high-quality content.
Our study shows a clear quality advantage, with one notable exception: footage
that is low in contrast, and on the darker end of the spectrum. In that case,
inverse tone mapping algorithms yield results that are similar in quality. Second,
barring natively grading, there is no good reason to linearly stretch SDR content
— inverse tone mapping algorithms perform better on all fronts. Third, and finally,
for content being recorded using the existing SDR pipeline, our study serves as
an endorsement for the practice of compressing the dynamic range during grading
rather than clipping it. Our analyses show that this approach, more often than
not, edges out an additional increase in perceived quality when being inversely
tone-mapped to HDR.
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