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Abstract

Recent high dynamic range (HDR) display devices provideikig
icantly greater output brightness and dynamic range coaaptr
conventional display technology. A possible concern fa éx-

tended use of HDR displays is the potential to cause vistiglia.

Furthermore, ambient illumination has a significant effectthe

perception of the imagery displayed, and its impact on ussfep

ences for brightness and contrast must be understood.

In our work we examine these issues by conducting two user stu
ies. In each study, subjects watched video content on an H®R d
play in several different ambient illumination environntenand
were asked to adjust the brightness and black level of th@agis
to their preference. Subjects were also given questioeséirdoc-
ument their observations and subjective preferences dsasahy
visual fatigue they may have experienced. We found thatestthj
experienced minimal visual fatigue, and also found siatiy sig-
nificant differences in preferred display settings und#ergnt am-
bient lighting conditions.

CR Categories: 1.3.6 [COMPUTER GRAPHICS]: Methodology
and Techniques—Interaction techniques.

1 Introduction

Conventionally available “low dynamic range” (LDR) displa
technologies have a very limited dynamic range compared to
the abilities of the human visual system (HVS). This has led
to the development of “high dynamic range” (HDR) technolo-
gies such as image sensors (e 12000
video standards such as the 10-bit log H.264 (AVC), and HDR
file formats (e.g.[[Manfiuk et al. 2004;_Ward and Simmons 2005
[Manfiuk et al. 2006]). HDR displays were first demonstratgd b
Seetzen and co-workels [2003:2D04].

Adapting existing content for display on HDR devices is an
underconstrained problem, and one that has received sextea

attention in recent years. Much of this work has centered
around the transformation of imagery between HDR and LDR

formats through tone mapping (e.g. [ _[Paffanaik efal. 1998;
Ward and Simmons 2005]) and reverse tone mapping (e.g.

Banferle ef al._2006; Rempel et al. 2007]). However, usadiss

are often helpful to provide validation of techniques aslvesl
other information about how displays should be set up fomnugt
viewing. Recently, HDR displays have been the focus of a reimb
of user studies (e.g. [ICeddaefal 2005 _Seefzen efall 2006;
[Yoshida ef al. 2006 AkyUz et al. 2007], but these have oaken

into consideration still images, not video, and have nosa®red

the possibility of visual fatigue under long term use, thezdtion
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of the eyes to ambient light or the relationship between antbi
light and user preferences for the presentation of HDR image

The research presented in this paper analyzes these fdotorder
for HDR displays to emerge as viable alternatives to statidevi-
sions, visual fatigue, such as double vision or headaclees] to be
explicitly ruled out even for extended viewing periods. $amy, it
is necessary to understand if higher brightness and dynange
are preferred by users in standard television environmantshow
preferences for these parameters might depend on the sdings.
To that end, we constructed the viewing environment pictune
Figure[l to determine how users’ preferences are affectethbyy
and bright ambient surroundings.

Figure 1. Viewer in dark (left) and bright (right) ambient light.

Many consumer-grade devices such as displays and camsorder
have special “demo modes”, in which color saturation, sould
ume, and similar parameters are artificially enhanced. $uaies

give the impression of better image or sound quality in figeside
comparisons with other devices on a showroom floor, but they a
ill-suited for extended use. A key goal of our work is to azaly
whether enhanced brightness and contrast produce a sfoglaio
effect”, or whether they yield sustained improvements irceired
image quality. A brief summary of our findings is that

e users tend to minimize the black level settings within the
physical limits of the HDR display we used in our experi-
ments. This behavior is independent of the ambient illumina
tion.

there were no signs visual fatigue in any of the subjects) eve
with high contrast settings and in dark environments.

the majority of subjects prefer lower display brightness fo
darker environments. This dependency is sub-linear. A mi-
nority of subjects preferred close-to-maximum brightriess
dependent of the ambient illumination levels.

The remainder of this paper is structured as follows. IniSefl

we briefly summarize the related work. We then describe the ex
perimental design (Secti@h 3), and discuss the resultsrofxper-
iments (Sectiofil]4). We conclude with a discussion of our figsgli

in Sectiorb.

2 Related Work

LDR to HDR expansion. Following the introduction of HDR dis-
plays [Seetzen et al. 2004], researchers started devglopgthods



to improve the contrast of legacy low dynamic range images an
video to make use of the improved dynamic range of HDR dis-
plays [Banterle et al 2005; Meylan et al. 2pU6; Meylan 28U
[Rempel et al. 2007; Didyk et al. 2008]. This process can ba see
as an inverse to conventional (forward) tone mapping opesat
(TMOs, e.g. [[Reinhard et al. 2002 Paftanaik et al. 1998])hilgv
the technical details of the reverse or inverse TMOs diffed only
some of them aim to provide a true mathematical inverse tora (f
ward) TMO, they share the common goal of improving image con-
trast without introducing disturbing artifacts. Akyuz alt [2007]
demonstrated in a user study that even a simple linear gazaflitne
contrast can be successful in achieving this goal.

Perceptual Studies. Other researchers have also turned their at-
tention to user studies to evaluate some of the forward tqrarand

to generally learn about viewers’ responses to HDR imadesgida

et al. [200%] used an HDR display in combination with two LDR
displays to determine which TMOs produced images that bette
represented a reference HDR image. Ashikhmin and Gbyab[j200
evaluated five TMOs using real physical scenes to determimehw
operators produced images that were considered real,igeas
representative of the original scenes. More recently, Maslet

al. [2007] andCadik et al.[[2008] each evaluated a number of TMOs
using perceptual attributes such as brightness, contradtdetail
reproduction. Akyiiz et all[J2007] evaluated six reverserafors on

a number of images to determine which produced the mostiptpas
results. In their study, Seetzen et AI_[2006] obtainedgprefl pa-
rameters for luminance, contrast, and amplitude ratio fDRHis-
plays, while Yoshida et al[T2006] studied the preferreghtmess,
contrast, and color saturation characteristics of a TMOwéler,
many issues have remained unexplored, such as viewer gnefs
while watching video rather than still images, adaptatmthe am-
bient illumination, visual fatigue from extended HDR viegi and
the relationship between ambient illumination and disgaght-
ness and contrast.

Ambient lllumination. Ambient illumination plays an important
role in the the perception of visual imagery. This relatlups

Adaptive Display. Several patents describe devices that mod-
ulate the output of a display (usually LCD) in response to
variation in ambient illumination. Some (e.d._[Piffman ®97
[Kalmanash 1993]) simply modulate the display brightness in
response to ambient illumination for day or night view-
ing, while others have a more complex mechanism to ad-
just the output to compensate for reflected ambient light
(e.g. [Cappels and Hernandez 1P97]) or to correct for Spabia-
uniformities that can be caused by a number of factors imetud

ambient light (e.g[[Katyl et al. 2001]). However, none aésk dis-
cuss high dynamic range displays.

Mantiuk et al. [200B] have developed a tone mapping opethtir
modulates its output based on the capabilities of the disold the
ambient lighting in which the output is to be displayed. Ghes
al. [200%] took the opposite approach by developing a system
which the ambient lighting of the room was computer-coreabl
and varied with the scene being displayed. An informal surve
showed that participants who played a racing video gamegiyo
preferred the dynamic lighting over static lighting. Anettsimi-
lar technology is the line of “Ambilight” flat-panel televis dis-
plays which create varying ambient lighting by illuminatithe
wall behind the display based on the intensity of the disgdaiyn-
agery [PAips 2008].

3 Experimental Design

We conducted two experiments to explore visual fatiguewere
preferences, and the relationship between ambient ligheimd
preferred brightness and contrast. The first study was prima
ily designed to obtain information about visual fatigue bars
dard low-light settings, similar to the environments comigaised
for watching television. This experiment used longer (105
movies.

The second experiment tested a wider range of lighting corgig
tions, including one comparable to bright office lightincheTgoal
of this experiment was to analyze the dependency of viewedr pr
erences on ambient light levels. This experiment used sh(2P

has been analyzed in research dating back decades, notably aminute) TV shows.

one of Stevens’ famous psychophysical observations | 18843].
Novick [1969] determined observers’ preferred tone-rdpotion
curve gamma values on cathode-ray tube television monituter
several levels of surround luminance, using both tungstelnaati-
ficial daylight ambient illumination. He observed that asbént
illumination increases, viewers’ preferred gamma valuekedly
decreases, but that gamma is largely independent of eitfeer t
color of the ambient illumination or even whether the imagdis-
played in full color or green monochrome. This agreed with ea
lier work by Bartleson and Breneman [1967] that used slide pr
jection. De Marsh[[1972] built upon these results and deitezch
approximate gamma values of 1.0 for a bright surround (2@dtuit¢
lambert) or 69 cdm?), 1.2 for a dim surround (4 fL or 14 ¢th?),
and 1.5 for a dark surround. More recently, Devlin et [al_&J00
considered the effect of ambient illumination on contrastcpp-
tion for still images being shown on a cathode-ray tube noonit
and developed a function to correct for that.

With the popularization of mobile devices, renewed attentias
been given to the automatic adjustment of display briglstnes
der varying ambient illumination. Merrifield and Silverist¢L988)]
described a general model for the relationship betweenlajisp
brightness and ambient illumination. More recently, Swisket
al. [2008] described a technique for adjusting the displaght-
ness of a mobile device in a rapidly fluctuating ambient ligiti-
ronment without introducing flicker.

3.1 Setup

Our goal was to construct a viewing environment as realestid
free from distractions as possible. We wanted participamt®me

as close as possible to the experience of having a high dgnami
range home theater environment in which to make their adjeists
and comments.

Display. We used a Dolby DR-37P 37" prototype high dynamic
range display with an LCD panel and LED backlight. We meakure
the maximum and minimum intensities and contrast of thelaysp
with a Minolta LS-100 luminance meter. Maximum luminanceswa
at 4000 c¢m2, while the minimum was below the detection thresh-
old of the luminance meter (0.001 ad?). The maximum simul-
taneous contrast (ratio between the lightest and darkgisingdis-
playable at the same time) was approximately 90,000:1. €he r
sponse curves of the individual color channels were medsamd
accounted for in all experiments.

Viewers sat in an armchair at a viewing distance of about 1.5 m
which is approximately the recommended HDTV viewing distan
of three times the height of the display (3HL_[ITU1990]. The
viewer’s eyes were positioned at the center of the displayoitn
height and width.



Acoustics. Since the prototype HDR display produces a signif-
icant amount of fan noise, acoustic damping was requireadior
experiments with video viewing. In the first experiment, we e

the first experiment, we used 5 feature-length movies (“&daof
Glory”, “Cats & Dogs”, “Charlotte’s Web”, “The Princess Bie”,
and “Zoolander”), while the second experiment used shdrtér

closed the display in a sound dampening box and conducted theepisodes (“Friends” Season 5, episodes #11, 16, and 19).

experiment in a room designed for a Noise Criterion level 6N
25 to NC-30 [[Beranek 1957]. In the (shorter) second expertme
sealed headphones were used.

lllumination. In the first experiment, ambient illumination in the
room was provided by six black incandescent torchiere flamps
standing 184 cm high. Each was fitted with a Philips “Natural
Light” 150 W incandescent bulb. The lamps were positioned as
shown on the left of FigurEl 2. The light from each of the toechi
cones shone upward and outward, providing a diffuse ambggit
that did not directly illuminate either the subject or theplay.

+

display

lights

chair

Experiment 1 Experiment 2

Figure2: Layouts of Experiments 1 (left) and 2 (right).

Our first experiment focused on the issue of potential fatjgund
therefore we designed that experiment to use low ambiamil
nation levels (see Tabld 1). As we shall see in Sedflon 4ethes
relatively small variations in ambient illumination did tr@sult in
statistically significant differences in user preferent@sbright-
ness or contrast.

In the second experiment, we increased the ambient illuiima
range by a factor of 10. To this end, we redesigned the ligrem
vironment as shown on the right side of Figlite 2. In additmthe
torchieres from the first experiment, we used two 40 W fluaetc
bulbs were positioned on the floor on either side of the arincha
and two 500 W directional halogen lamps.

0.75 85 28 74

70

Amb. light, exp. 1
Amb. light, exp. 2

20.01()
20.01(

700

Table 1: Ambient light levels in lux. (*) Ambient lighting was off
entirely for the lowest setting.

We measured the five different ambient light settings of thet fi
experiment and the three settings of the second experiniem.
measured levels (in lux) are shown in TdBle 1. For compayiypa

ical office lighting is approximately 500 luk TKarwowski 2@p All
measurements were taken with the HDR display switched dfé T
display itself contributes an average of 4-7 lux to the olvena-
bient illumination, depending on the specific content beihgwn.
Figure[1 shows a viewer in the setup of Experiment 2 in both the
lowest and highest ambient lighting conditions.

Video Content. All video content originated from commercial
DVDs, and was adjusted for viewing on the HDR displays. For

Currently, there are only two methods for automatically affd
ciently applying reverse tone mapping to large numbers déwi
sequences: the simple linear-luminance scaling propogédtyiiz

et al. [2007], and the more sophisticated method by Rempel et
al. [2007]. Of these two methods, we chose the simple linear
scaling for our experiments, for two reasons. First, Rengtel
al’s method is designed to be very conservative, and thuagety
uses the full display intensity. This makes it difficult toeuthat
method for analyzing brightness preferences. Secondirliseal-

ing provides a worst case scenario for the amplification in-co
trast. The gradients in natural images follow a heavy tasl di
tribution [Ruderman 1994 Dror et al. 2004]. Linear scaliofy
contrast shifts the whole curve, while more sophisticatezthm
ods [Rempel etal. 2007, Meylan et al. 2D _Banferle et 1620
have a more localized effect. For our experiment, Equélisinalvs

the output intensityl, for a linearized pixel valu € [0...1] in
terms of a user selected peak brightness and black level:

I(x) = (peak— black) - x+ black (1)

User Controls. Instead of directly exposing the peak brightness
and black level as user controlled parameters, we optedtape
these two parameters to controls that the subjects woulddre m
familiar with as they are similar to the controls on normaéve
sions. The two controls we used were a “brightness” parantete
and a “contrast” parameter from which the peak luminance and
black level were derived as follows:

peak= Imax-b black= peak (1—c). 2

The test subjects used a wireless USB input device to adijigstth
ness and contrast settings. After each adjustment, themsyst
briefly displayed a line of text indicating one of “BRIGHTNES
or “CONTRAST” and one of ++", “ ——", “MIN”, or “MAX". To
avoid subjects remembering positions, subjects did na&iveany
absolute indication of their locations on the brightnessantrast
continua.

A possible concern with a study like ours was that subjectshini
be distracted by the content itself, and might neglect tagam the
given task of optimizing the parameter settings. In ordextinter
this effect, and help subjects to find optimal settings dyjcke
implemented astaircaseprocedure, as follows. At any point in
time we kept track of aninimumand amaximunmvalue for each of
the two parameters (brightness and contrast), which repteke
range of acceptable values for those parameters. The ramgé w
be stretched if the viewer selected values outside the riorgen
extended period. After 3 minutes of inactivity, the rangesewe-
duced in size by one half and the parameter settings werenatto
ically changed to the opposite end of the new range, promptia
subject to make further adjustments while at the same timme co
verging to a desired “optimal” parameter setting. An exampin
for a typical subject is shown in FiguEé 3. The squares shav th
automatic settings made by the staircase procedure aft@mngesn

of inactivity, while the diamonds show the last value thewge se-
lected (i.e. the viewer's preferred value) prior to the rgxninute
period of inactivity. The sequence shows the viewer coesibt
returning to the same levels after the automatic settingagés.
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Figure 3: Each square is an automatic setting change; each di-
amond is the subject’s last selected point before quiescembe
darker line shows each change made by the subject.

3.2 User Studies

Ten subjects (4 female, 6 male, aged 19-71) participatdukifirist
experiment, and seventeen subjects (10 female, 7 male,l#8zed
79) in the second. Each of them had normal (20/20) or comecte
to-normal vision and normal color vision, which was conficdme
through the administration of a Snellen visual acuity test the
Ishihara[[200F] color deficiency tests.

Prior to the viewings, subjects were briefed on the task tpdre
formed and were instructed to adjust the brightness andasiruf
the HDR display to a level they found pleasing. Subjects veere
couraged to continue to adjust settings throughout therearpat
as desired. Subjects were also told that they might occalydind
brightness and contrast changing spontaneously, in wiaish they
were to continue to adjust brightness and contrast to tlesiired
levels.

In the first experiment, each subject watched the same fivéasiov
of approximately 1.5 hours duration each. Each movie was gee
a different day, rather than all on the same day, to avoiddhicing
fatigue due to extremely long sessions. In the second erpeti
each subject watched the same three 22-minute televisisadsgs

each show was seen at a different light level chosen fromehe s
described above. The ordering of the light levels was alsdamn,

and independent of the order of the shows. No two subjects had
both the same ambient light ordering and the same show agderi

The data collected consisted of a time-stamped log of afjhibri
ness and contrast changes made during a session as wellas a vi
sual fatigue questionnaire and a more general questi@naine
visual fatigue questionnaire asked users to identify onlapdint
Likert [£934] scale whether they experienced any of 10 symst

of visual fatigue. These symptoms, listed in Table 2, areelyid
used in the human factors literature to self-report visa@édjtie aris-

ing from the use of video display unifs [Dillon and Emuriar9$
Likert scales are commonly used in user studies to deterthime
strength of a subject’'s perception or opinion of some facod
they may measure intensity from “none” to “extreme” or from
“strongly disagree” to “neutral” to “strongly agree.” Themgral
questionnaire consisted of both subjective questionstaheir ex-
periences during the experiment and questions which adied t
viewer to compare the HDR display to other types of displays o
a 7-point Likert scale.

Worst case score
(out of 10)

Possible symptoms of visual fatigue

Double vision

Problems in focusing
Burning/pricking sensation in the eye
Blurred vision

Tearing/Watery eyes

Pain around the eyes

Headache

Image break-up

Image floating

Color change

2]
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Table 2: Symptoms listed on visual fatigue questionnaire for sub-
jects after each viewing.

4 Analysis and Results

Visual Fatigue. Our Likert questionnaires showed that viewers
experienced remarkably little visual fatigue even after bnger
(1.5 hour) movie sessions. Over half the subjects selected 0
(“none”) for all symptoms, and over 95% of individual respes,
including those of the older participants, indicated 0.Hetemain-

ing responses where subjects indicated more than 0 vistigliéa

the average level was 1.18 out of 10.0. The total reportesl lefv
visual fatigue across all questions was 0.0325 out of 10.0e F
one-samplé-tests were conducted across the five different ambient
illumination settings. The mean fatigue score was notsttesilly
different from O in each case (t(9) = 1.5, t(9) = 1.809, t(9).5,1
t(9) = 1.809, t(9) = 1.406) and the low scores showed no airel
tion with the ambient condition. Only four of the symptoms re
ceived any scores greater than 0. Tdllle 2 shows the highmst sc
received for each symptom. For each of the four symptoms with
scores above 0, the worst-case visual fatigue score (1 ot 2fou
10) was only reported by 1 out of 40 responses. Another set of v
sual fatigue scores obtained after the shorter sessiolshigher
ambient lighting in experiment 2 was also not statisticdlfferent
from O (t(16) = 1.3237).

These visual fatigue results were obtained at the vieweedepred

in a single session. The shows were arranged in a random orderbrightness settings. However, we do not expect significanty fa-

for each subject, although in the second experiment, whaech e
ordering occurred multiple times, we stratified the samfdesb-
tain a more uniform distribution of the orderings. For eaghjsct,

tigue at other settings or in other viewing environmentsegit The
factors that have been found to contribute to aesthenoygesteain)
in the human factors literature include viewing distanagation of



use, age, gender, and lighting and glare [Dillon and EmUrEH6].
Our visual fatigue results are uniformly low in both high dod/
ambient illumination environments, among a demograplyiaiit
verse group of subjects, for both shorter and longer seshios-
tions, and at a relatively short viewing distance that wdeltd to
exhibit high rather than low levels of aesthenopic compain

Ambient light = 7 lux Ambient light = 70 lux Ambient light = 700 lux

Number of samples
S

0
-2

- 0 -2
Brightness setting: log, ,(b)

0 -2

Brightness setting: log, ,(b) Brightness setting: log, ,(b)

Figure 4: Histograms of the preferred brightness settings for the
three ambient light levels.

Brightness and Black Level Preference. The adjustment pat-
terns depicted in Figuld 3, as well as similar graphs forrosie-
jects (available at our web dedemonstrate that the staircasing
procedure is effective in helping the subjects zero in oredepred
brightness setting over the course of a session. Furthéerewe on
such a convergence is provided by the decreasing frequéragy o
justments over time within each session (see below, and-éfiju
In our analysis, we therefore use the last setting for eaeh ins
each session as the preferred setting for that user in tipeaes
tive ambient conditions. Two subjects had substantialffednt
behavior patterns than the other subjects in how they sghtari
ness during the session, so we discarded those subjectfliassou
Specifically, one subject set the brightness repeatedbvidd near
the maximum under all three ambient conditions, while tHeeot

meandered significantly and even made a comment on that after

the experiment. The adjustment plots for all subjects uiticlg the
outliers, are included in the supplementary materials.

The differences in the preferred brightness settings ttiree am-
bient light levels are shown as histograms in Fidlre 4. Asathe
bient light increased, subjects tended to avoid the lowighbtess
settings. The histograms show significant individual défees in
user preference for low ambient illumination, but a stromefer-

ence for bright screens in bright, office-like environmértie con-
trast preference is unaffected by the ambient illuminatieith all

subjects adjusting contrast to near maximal levels in #ilrggs, ef-
fectively lowering the display black level to its minimumygstically

achievable value.

We also analyze aggregate preference over all subjectauBeour
data fails the assumption on normal distribution and eqadhace,
we use the non-parametric Kruskal-Wallis test rather thBIOXA

to test for the factor significance. The test indicated aiB@amnt
difference in brightness settings between the three armhbggrt
levels (x2 = 6.25, p < 0.05). The episodes were selected to vary
little in their overall brightness, but some differencesildonot be
avoided (compare cumulative histograms in Fidiire 6). Wéyaed
whether adjustments may be affected by the video contenis Th
effect was found to be just below the significance lepet 0.05

Ipt tp: /77 www. ¢S. ubc. ca/ I abs/ 1 mager/ t r/ 20097 Renpel

(x%2 =5.69, p= 0.058). This suggests that the subjects could com-
pensate with the brightness setting for the overall vidéghitmess.
We did not find any effect of gendex{ = 0.4, p < 0.05). But we
found that the older group of subjects (36—79 years) chdwspre-
ferred brightness to be on average 0.3 log-10 units higlzer tbr

the younger group of subjects (19-35 years= 5.76, p < 0.05).

The difference in the median brightness settings for theettam-
bient light levels, shown in Figuld 7, was surprisingly lolf.the
subjects tried to fully compensate for the difference inrttesan lu-
minance of the surround, the slope of the curves in Figlre ddvo
be 1. This is because increasing the illuminance level by liot,
results in roughly 1-log unit higher luminance of all difeusur-
faces. Meanwhile, the slope of the curve between the 70 afid 70
lux setups was=0.26. This suggests that the large contrast between
the luminance of the surround and the display content wadiset
tracting and had moderate effect on the brightness settings

The difference in the brightness settings can be partlyaénxedtl by
the increased reflectance of light from the screen and therédss

of contrast. The light setup was designed in such a way thettdi
reflections of the light sources on the screen were avoideat. F
estimating the indirect illumination bouncing off the deyp the
LCD panel can be modeled as a diffuse reflector with a refleetan
of about 1%. In a 700 lux environment, the luminance refleoféd
the screen is therefore approximately

700 lux

0.01- —— = ~22cd/m?. 3
T Sr C/m ()

If the original contrast shown on the screemis/L, the contrast
reduced by the reflected lighte fiecteg iS

AL AL
a-—.

L+ Lreflected L @

In Figure[® we plot how much contrast is lost{r) due to am-
bient light reflection for a range of luminance values pragtlion
the screen. The vertical lines indicate 10th and 90th péiteenf

the video content at the preferred brightness levels forrtcpéar

ambient light setup. Setting the display to higher brightnievels
reduces the contrast loss in darker image regions. Theghéstts in
Figure[? also show that subjects entirely avoided lowerHbrigss
settings for the high ambient light setup. Therefore, tiss laf con-
trast in the dark regions could prompt subjects to elevaghbress
settings for higher ambient light levels.

Since our prototype display could show luminance levelsoatim
an order of magnitude higher than a standard TV display, we
could check whether current consumer-grade TV displaysraght
enough to meet viewers’ preferences. The peak luminance of
a typical LCD-TV display usually does not exceed 500/ rod.
Since the median pixel value for all video frames was 47 (sge F
ure[@), the corresponding luminance values on a display thigh
500 cd/m?peak luminance isz12 cd/m?(L peak (47/255)%2). This
value is lower than the median luminance of the video content
shown on our prototype display (peak 4000/d), which was
37.3 cgm?for the darkest and 67.7 gah?for the brightest ambi-
ent light level, as shown in FiguE@ 7. It must be noticed, have
that there were a number of subjects selecting the highesti-po
ble brightness setting, especially for the two brighter emblight
setups (see histograms in Figlile 4). We did not allow thehbrig
ness to be further increased to avoid clipping of the videtemt.
Nevertheless, we can expect that a brighter display cosldtren
preferences for even higher luminance levels. This suggést

Pr et Vieweenmaupreieneispicys offering higher peak luminaiesels
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Figure 5. Contrast loss on the display due to reflections from the

panel at the three ambient illumination levels used in theosd
experiment. The dashed lines represent 10th and 90th péesen
of the video content for the preferred display brightneseleat a
particular ambient light level (refer to Figuid 7).

than those offered by the majority of displays, even fortietdy
dim environments.

This matches the observation by Seetzen efal. [2006] the¢ped
image quality increases with higher display peak luminaaséong
as the contrast ratio is sufficiently high. In our experimaititsub-
jects maximized the contrast and most selected a brighsigss
nificantly higher than what is possible on conventional kdigp.
Seetzen et al. had high dynamic range still-image conteetca
postulate that subjects in our study might have selecten leigher
luminance levels if the study had used true HDR content raktza
adjusted LDR footage.

Both the slope and the shape of the brightness adjustmere ate
very similar to that found in a different application areackpit
displays. Merrifield and Silversteif [1988] measured preie dis-
play brightness adjustment for an aircraft cockpit displawed
under a range of ambient illumination levels. They repottesl

slope of the manual brightness adjustment to be 0.276 oeer th

photopic range of ambient illumination, but found no change
the brightness settings over the scotopic range of ambientina-
tion. This remarkably resembles our results shown in Fighieven
though our task did not involve directing viewers’ attentmutside
the display, as was the case for the cockpit display measumsm

Adjustment Frequencies. To further analyze the reliability of
our results, we also considered the frequencies of adjussneth
across sessions and within a single session. F[ure 8 shews-t
sulting statistics for our first experiment. The second erpent
produced similar results. As one might expect, subjectdaerno
experiment more with the parameter settings in the firsisesisan
in the remaining ones. However, our experimental desigoefbr

subjects to make a significant number of adjustments (200/on a

erage) even for subsequent sessions. Within each sessijects
required time to find suitable settings from the initial randstart-
ing point, but then quickly settled on parameters they foomabt
suitable. This convergence shows that final settings aigbteland
not scene dependent.

Comparison to Other Types of Displays. In addition to the for-
mal experiments described above, we also asked subjecttetthe
experience of HDR displays in comparison to other displapte
nologies they had previously experienced. In cases whd&jecs

did not know the name of the other technology, we clarified the

types and their characteristics for those subjects. Stshgmowed
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Figure 6: Cumulative (above) and non-cumulative (below) his-
tograms of the luma values for the three episodes. The ddistesd
indicate the median luma value for each episode.

a strong preference for watching movies on the HDR display ov
CRT displays, and slightly weaker preferences for the HDR di
play over rear projection televisions and LCD displays. silgjects
were indifferent between the HDR display and a movie theater
only three preferred the movie theater.

5 Conclusions

We conducted two user studies in which we analyzed viewieé pr
erences and the potential for visual fatigue on next geioer&tDR
displays. Our experiments show that visual fatigue is notré& s
ous concern even in dark environments. While subjects tetale
always maximize the available display contrast, we foundia s
linear relationship between the preferred display brighsnand the
level of ambient illumination. These results are consiséenoss a
wide demographic spectrum.

The results of this study could be the first step in designimiRH
television sets with automatic brightness controls to jg®a more
pleasurable viewing environment under a variety of ambigw-
ing conditions.

In the current study we have focused on live action contetttowit
drastic illumination effects. This choice was based on thednto
limit the number of parameters in the study. Now that visatgtie
has been ruled out and we have gained a better understanfding o
brightness and contrast preferences under different arnbght
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Figure 7. Preferred display brightness levels by ambient lighting
level. The lines represent luminance of the 10th, 50th arld 9€r-
centiles of the video content (computed for all the framef)e
error bars show the 25th and 75th percentiles of the brigbsreet-
tings. The preferred brightness setting was found by coimgtite
median of all subject settings.

levels, we would like to conduct further studies that analytze
effect of more extreme content, such as animated contentenyd
dark or highly stylized live action footage.
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