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A B S T R A C T

Consumer High Dynamic Range (HDR) displays are appearing on the market. Capable of generating a peak luminance of up to 2,000 nits, the improved dynamic
range they provide can only be perceived when viewed in a dark environment. In this paper, we present a display architecture that is capable of generating a
peak luminance of 10,000 nits. We demonstrate, with a subjective evaluation, that the increased peak luminance is required to perceive a high dynamic range in
bright ambient environments. Furthermore, we show that by fitting a surface through the data, we can predict the dynamic range that can be perceived from the
luminance and illuminance with low error. We can also invert the prediction to estimate the required peak luminance for a particular combination of dynamic
range and ambient lighting.

1. Introduction

High Dynamic Range (HDR) imaging has the potential to capture,
transmit, and display the full range of light in a scene [1]. The last
15 years has seen HDR video developed from a niche research area to
a consumer product [2]. Despite the interest, commercially available
display technology requires HDR content be viewed in a dark room [3].
It is not possible to perceive and appreciate the dynamic range in
many common ambient environments. This is because the dynamic
range in consumer HDR displays, especially those based on organic
light-emitting diode (OLED) technology, is achieved due to the deeper
black levels rather than the limited peak luminance. Typical consumer
backlit liquid-crystal display (LCD) displays have peak luminances of ≤
2000 nit while OLED displays have a peak luminance of ≈ 750 nit [4]
(1 nit = 1 cd∕m2, the SI unit of luminance). There have been a number of
recent successes in achieving HDR imaging through projection [5], and
other significant advances in display technology [6,7]. To overcome the
limitation of only being able to appreciate HDR in a darkened room, it
is crucial to develop and evaluate new, brighter displays.

This paper focuses on the dynamic range that can be recreated
by HDR monitors and presents an innovative display which includes
a novel heat dissipation method, that is capable of presenting a lu-
minance of 10,000 nits. This monitor was the first capable of emitting
such a luminance when it was first exhibited to the public at IBC in
September 2016 [8]. Our system exploits a number of techniques to
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achieve such a peak luminance. (1) a backlight unit containing 2202
LEDs, (2) the high (150 lm) luminous flow of the individual white LEDs
in a Surface Mount Technology (SMT) case, (3) a hexagonal shaped
reflector to concentrate and direct the luminous flow generated by
each LED through the LCD front panel, and (4) an original thermal
management system designed to spread the heat generated evenly over
the sink mass.

Furthermore, we present a detailed subjective evaluation conducted
with 40 participants showing the effects of peak luminance on per-
ceived dynamic range in different ambient lighting conditions. This
evaluation demonstrates that a high peak luminance is required for
displaying HDR in a bright ambient environment. The results of this
evaluation are used to develop a model which allows the prediction of
the required peak luminance from the illuminance of the environment
and the dynamic range of the content. One benefit to managing the
peak luminance of the display in such a way is to ensure an enhanced
viewing experience for the minimum power consumption.

2. Previous work

The world is a riot of colour, light, detail and motion; from the
flicker of flame, to the intensity of neon lights. For years digital imaging
technologies have struggled to capture and deliver this vibrant ‘‘real
world’’. Ultra High Definition (UHD) is the Creative and Media Indus-
tries vision for the future of digital imaging. Formalised in the BT.2020
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Fig. 1. Early HDR display [9].

standard [10], UHD specifies that imaging of the future should include
more spatial resolution (at least 4K = 3840 × 2160 pixels), higher
dynamic range (HDR), higher frame rate (HFR) and a wider colour
gamut (WCG). The dynamic range of a scene is defined as the ratio
between the darkest and brightest parts of that scene. By preserving
all the details simultaneously in both the darkest and brightest areas of
a picture, colours and details look more natural, giving the picture a
more ‘‘dynamic’’ feel.

2.1. HDR display systems

In 2002, Ward produced arguably the world’s first HDR display. This
comprised a bright uniform light behind a set of LEEP ARV-1 stereo
optics [11]. HDR images were printed side-by-side as a pair of fish-
eye transparencies. As film transparencies in 2002 were only capable of
achieving a dynamic range of 1000 ∶ 1, two transparencies were layered
on top of each other. This doubled, in log terms, the dynamic range,
achieving more than 10,000 ∶ 1 [9]. To avoid any alignment or ghosting
issues, the resolution of the back layer was reduced using a Gaussian
filter, and, as dynamic range of the individual colour channels is not
important for perception, the image was converted to grey scale, Fig. 1.
A close match in terms of visibility and contrast, was shown between
the displayed images and real scenes [12].

Sunnybrook Technologies were the first to develop an HDR display
using a backlit standard LCD display. By removing the colour wheel
of an Optoma EzPro737 digital light projector and projecting video
through the back of a 15′′ XGA colour Sharp LQ150X1DG0 LCD display,
the Sunnybrook Technologies’ display was able to achieve a dynamic
range of 75,000 ∶ 1 [13]. Sunnybrook Technologies became Brightside
in March 2005 and the next generation of their displays, the DR37-
P replaced the projector with LEDs. By combining software correction
algorithm that took into account how the human eye perceives high
contrast with each LED covering approximately 40 × 40 pixels, the
liquid cooled prototype DR37-P display achieved a peak luminance of
8500 nit [14]. With the acquisition of Brightside by Dolby Laborato-
ries in February 2007, further developments on HDR displays were
undertaken by the Italian company, SIM2. Their first commercial HDR
display, the HDR47, was released in 2009 with a peak luminance of
4000 nit. The 47′′ HDR47ES6MB HDR display, announced by SIM2 in
2014 has a peak luminance of 6000 nit. Other prototype HDR dis-
plays have been built, for example Dolby Laboratories’ 4000 nit Pulsar
display [15] and by Ferweda and Luca for vision research [16].

Currently, the field of larger format HDR displays (from ≈ 32 to
75 inch) can be separated into research, professional and consumer
displays. In this paper we describe the architecture and innovation
required to achieve a 10,000 nit HDR display.

2.2. Modern consumer HDR displays

From Standard Definition, to High Definition (HD), to 3D, the media
industry continually strives to move forward and provide the next
compelling reason why customers must acquire the next generation of
products. Driven by the need to sell more televisions, and the lack of

very highly appreciable difference on consumers’ viewing experience
between full HD resolution images and UHD resolution, especially on
screens of less than 60′′ [17], the television industry looked to other
aspects in the UHD specification to excite consumers. As a result, in the
last few years, consumer televisions have been appearing which claim
to be HDR. In 2016 a consortium of TV manufacturers, broadcasters and
content producers, the UHD Alliance, proposed a benchmark, ‘‘Ultra HD
Premium’’. Any television which is able to achieve this benchmark is
certified by the UHD Alliance as providing a ‘‘premium 4K experience’’.
To satisfy manufacturers of both backlit LCD and OLED HDR displays
UHD Alliance offers two definitions of HDR:

1. 1000 nit peak brightness and <0.05 nit black level (contrast ratio
20,000 ∶ 1, 14.3 stops) for backlit LCD TVs which are brighter but
with less black levels, or

2. > 540 nit brightness and <0.000,5 nit black level (contrast ratio
1,080,000 ∶ 1, ≈20 stops) for OLED TVs which have deep blacks
but much lower peak brightness.

As of 2018, the brightest OLED displays have a peak luminance of <
750 nit while backlit consumer HDR displays provide a peak luminance
of ≤ 2000𝑛𝑖𝑡 [18].

A major limitation with current OLED HDR displays, is the need
to watch content in a dark room to discern the dynamic range in a
scene [19]. For consumer HDR backlit LCD displays, to appreciate the
HDR, the recommendation is that the displays should not be watched
in ambient light of more than 5 nits [19]. Furthermore, because the
maximum backlight brightness is used to provide bright highlights, it
is not possible to increase the overall brightness of the screen to get
a brighter image as one would with a traditional low dynamic range
(LDR) television [20]. If HDR content is to be appreciated in bright
ambient conditions, a higher peak luminance is needed.

3. Architecture for 10,000 nit display

The architecture for the 10,000 nit display accepts either an LDR or
HDR video input source, via HDMI or DVI, and processes this video
signal within a digital signal processing block to create HDR images
in real-time see Fig. 3. The processing block consists of a regional
LED backlight control signal processing block and a complimentary
‘‘expanded’’ and compensated LCD video signal processing block, that,
when combined in a panel display system, provide the HDR viewing
experience. The resolution of the LCD panel is full HD. Although the
transmissivity is higher for a full HD LCD panel compared to that of a
UHD LCD panel, the improvements made to the passage of light in this
10,000 nit display makes this difference insignificant.

The input signal can be either 8, 10 or 12 bits∕colour. This is ex-
panded into a 30 bits∕colour HDR signal. This colour depth is achieved
from a combination of the BLU and the LCD bit depth via a double
modulation system.

The HDR processing module, see Fig. 2, calculates the LED values
and the required compensation for the LCD image and is responsible for
driving the backlight boards at a frame rate of 60Hz. The HDR input
format is LogLUV, the display does not support PQ or HLG natively.
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Fig. 2. The physical architecture of the 10,000 nit display.

The backlight unit performs the calculation at 60Hz frame rate. The
monitor diagonal is 47′′ with a 16 ∶ 9 aspect ratio, with an active LCD
area of 0.62m2. The LCD refresh frequency is higher and is independent
from frame frequency. A main processor provides user and control
interfaces, on-screen display, and system configuration.

The TFT front-panel contains Rec.709 [21] primary colour filters
limiting the display colour-space.

3.1. The backlight unit

In consumer LCD TV sets and monitors, there are several optical
layers between the backlight source and the LCD panel. These include
the diffuser and the two polarising layers. The majority of luminance
generated by the backlight unit (BLU) is lost passing through these
optical layers. In addition, luminance is lost due to the TFT array
aperture ratio and panel colour filters of the LCD panel itself. The result
is that only 3 to 8% of the light emitted by the BLU actually exits the
front of the screen.

The core of the 10,000 nit display is a BLU comprising an array of
2202 independently controlled high power white LEDs. A luminance
of 10,000 nit corresponds to a light intensity of 6200 candela (cd) and
a luminous flow of 19,500 lumens (lm). Taking into consideration the
LCD panel efficiency, this means that, to achieve 10,000 nit, the BLU
has to provide a total luminous flow of at least 330,000 lm. The BLU
thus comprises the 2202 power white LEDs in SMT cases arranged in a

hexagonal grid. High quality LEDs are used, each capable of 150 lm. The
LEDs are all selected from the same bin and production lot to minimise
any differences between them which can lead to an uneven brightness.
As LEDs are Lambertian light emitters, in order to concentrate and
direct the luminous flow generated by each LED in the direction of the
LCD panel, reflectors are added for each LED. These reflectors reduce
the light energy in the tails of the LED emission and re-direct this
energy forward around the centre of the LED reflectors. The reflectors
make up a grid which has been optimised for the highest efficiency.
A hexagonal shape was shown to be the best and, furthermore, the
hexagonal shape minimises light leaking from any LED. The reflector
grid is produced with moulded Acrylonitrile Butadiene Styrene (ABS),
a high impact-resistance thermoplastic. The distance between the LED
reflector grid and the optical layers, the reflective surface type of the
reflectors, and the diffusing capability of the panel optical layer need to
be as small as possible to prevent a pattern of non-uniform brightness
being visible within the image. Each LED module comprises 12 tiles
of LED boards that can be assembled easily and combined together to
form the full backlight unit.

Each LED emission level is controlled, consistently with the image
on the LCD panel and with the specific Light Spreading Function (LSF)
of the optical layers, in order to give the most appropriate brightness
contribution related to the part of the image assigned to it. In par-
ticular, the LED module receives a serialised Low-Voltage Differential
Signalling (LVDS) signal from the HDR processing module. This LVDS
signal is deserialised and the converted signal fed to the LED driver IC
chain that provides a separate driving signal to each LED. Sequencing
and synchronisation is required to coincide with the scanning of the
corresponding section of the LCD display, Fig. 4. The approach is simi-
lar to, but more effective, that undertaken in [13]. In addition, optical
and thermal sensors provide feedback to the HDR micro processing
in order to maintain reliability and system optical uniformity over
space and time. This is particularly important because the light and
spectral emissions of LEDs are a function of the working temperature.
Furthermore, a LEDs lifetime is reduced with high temperatures.

3.2. Thermal considerations

A key requirement to help ensure the widespread uptake of HDR
displays is to safeguard that very little heat is generated and the power
consumed by a display is within that which customers are prepared
to tolerate [22]. A high current of up to 300mA with 4V of voltage
drop per LED, leads to a peak power required from the power supply of
more than 2600 W. This is more than the maximum power absorption,
1500 W, from a 110V AC power socket in the case of single phase
power distribution, and thus the power supply needs to be limited. This
reduces the peak full-screen luminance to 3830 nits. The display can

Fig. 3. High level overview of the 10,000 nit display.
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Fig. 4. The processing required to split the HDR image to low and high frequency components for the LED and LCD panels respectively.

Fig. 5. The measured uniform spatial heat distribution achieved by the novel thermal
management system.

output 10,000 nits from a maximum of around 55% of the total screen
area before the power limitation system intervenes.

An effective and efficient cooling system is a key part of any high
brightness display. The novel thermal management system has been
design to spread the entire heat quantity evenly across the whole heat
sink mass, ensuring homogeneity, Fig. 5. The LED modules are mounted
with intimate thermal connection to a single aluminium cooling sub-
strate. A set of low RPM, high-efficiency fans force air to travel against
the temperature gradient. This configuration increases heat dissipation
while helping its distribution. The combination of heat reducing ap-
proaches enables the display to achieve cooling performance equivalent
to that which would be possible with liquid cooling.

4. Subjective evaluation

Many of the environments in which HDR content will be consumed
contain bright ambient illuminations. Examples include a television
situated close to a window, where, when the content is consumed, the
sun may be low in the sky, casting rays directly on to the screen; or
an outdoor advertising screen or a public television. This section will
demonstrate how the ambient environment affects the perceived detail
visible to the subject.

Akyüz et al. [23] demonstrated that participants prefer a HDR image
over tone-mapped or LDR image of a scene, Mukherjee et al. [24]
showed that this also holds true for HDR video. Melo et al. [25]

investigated tone-mapped HDR content on an LDR display to find
that the ambient illumination, and especially reflections on the screen,
significantly affected the viewing experience. An experiment in which
participants watched HDR video on an HDR display under different
ambient illuminations showed that visual fatigue was not a particular
problem [26]. There was, however, a significant difference in the
choice of brightness and contrast depending on the lighting conditions.
The two experiments were conducted on a display with a peak lumi-
nance of 4000 nit and a black level of < 0.001 nit at seven ambient
illuminations. <0.01, 0.75, 8.5, 28 and 74 lux in the first and, <0.01, 70
and 700 lux in the second. Daly et al. [27] conducted an experiment
in a dark room that showed for imagery containing diffuse, reflective
whites, the average preferred range of display was between 0.1 to
650 nit. However to satisfy 90% of the population the diffuse range
should be between 0.005 to 3000 nit and greater than 20,000 nit for
highlights [28].

4.1. Motivation

There have been no studies presented to date that investigate the
combination of both high peak luminance displays and bright ambient
environments. Peak brightnesses of up to 20,000 nit [27] and ambient
illuminations of up to 700 lux [26] have been tested but never in
combination and not in environments such as those found outdoors
where the ambient illumination can greatly exceed those previously
tested.

This section presents an experiment in which both a high peak
brightness and a high ambient illumination are tested. The experiment
was performed on a prototype SIM2 display capable of producing
10,000 nit, five times that of consumer displays, and in a range of
environments up to 80,000 lux. The aim of this experiment is to measure
the dynamic range that can be perceived by a participant under a range
of real-world ambient illuminations and display brightnesses.

The hypothesis is that in conditions such as outdoors on a sunny
day, where the illumination can exceed 80,000 lux [29], a higher peak
luminance display will allow more information in the image to be
perceived. Fig. 6 shows the relative difference in brightness between
a 10,000 nit display and a 4000 nit display in a bright ambient en-
vironment. A secondary goal is to be able to calculate the required
luminance of a display for content of a known range at a given ambient
illumination. This will be achieved by performing a subjective test
where participants are asked to report the visibility of elements on a
test chart at a range of display luminances and ambient illuminations.
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Fig. 6. The 10,000 nit SIM2 alongside the 4000 nit SIM2 in a bright ambient environment.

Table 1
The ambient illuminance of locations for some target applications for HDR displays.

Application Typical ambient illumination
(lux)

Home theatre [30] ∼0
Advised home environment viewing conditions
[30]

200

Typical office lighting 500
Inside on a sunny day 3000
Advertising display in shopping centre 10,000
Hotel pool bar 80,000

4.2. Experiment

This section presents an experiment which explores the relationship
between the detail visible on a display, peak luminance and ambient
illumination. Environments covering a large range of lighting condi-
tions were considered and in particular the wide variety of locations in
which HDR displays could be employed in the future were simulated.
Table 1 shows a selection of typical ambient illuminations at potential
locations for HDR displays. Should HDR displays become ubiquitous,
it can be expected that they will find application in all environments,
such as an advertising display in a shopping centre and at the bar next
to a hotel pool.

4.2.1. Participants
The sample consisted of 40 participants (27 male and 13 female)

with ages between 18 and 49 years old (𝜇 = 23.75, 𝜎 = 7.0) who
volunteered from a local university. The participants were divided into
eight groups of five each. The experiment used small groups to increase
the sample size while care was taken to ensure that every participant
was within the stipulated viewing angle for the display. Participants
were chosen based on a non-probabilistic sampling technique as they
were chosen based on their availability to sit the experiment. Due the
nature of the experiment, only participants with normal or corrected
to normal vision were chosen. The participants were selected primarily
from staff and students at a computer science department however
did not express an increased knowledge of image processing or HDR
techniques.

4.2.2. Design
The experiment comprised three tasks designed to determine the

range visible on displays at simulated luminances. These tasks are as
follows:

Squares: Participants are asked to count the number of squares,
shown in Fig. 7a;

Ayres: Participants are asked to give the orientation of the
circles on Ayres charts [31], shown in Fig. 7b.

Bars: Participants are asked to identify the minimum and
maximum bars they can discern, shown in Fig. 7c;

Fig. 7. Test charts used in the subjective experiment. The charts were graded at a range
of different luminances, 500, 1000, 2000, 4000 and 8000 nit. Presented tone-mapped
for print. Squares and Ayres show example patterns as the layout was randomised.
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These tasks have been selected as they can be conducted efficiently
and provide robust results. In addition, the Ayers chart has been
used previously to successfully evaluate the dynamic range of an HDR
display [32]. The results of the three tasks under different ambient
conditions are the dependent variables of the experiment.

The tasks were performed under two varying conditions correspond-
ing to the two independent variables in the experiment. The first
independent variable, brightness, was within-participants and was the
luminance of the display. Five conditions were considered: 500, 1000,
2000, 4000 and 8000 nit. All luminance levels were simulated on the
same display by adjusting the maximum output brightness.

The second independent variable, ambient, a between-participants
independent variable, represents the ambient illumination in the envi-
ronment. The conditions: 0, 200, 3000 and 80,000 lux were considered.
These represent no light, an indoor artificially lit working environment,
an indoor sunlit (but not directly) environment, and a sunny outdoor
environment respectively. Participants viewed all brightness conditions
for a single given ambient condition.

4.2.3. Materials
For each of the three dependent variables, a set of test charts were

prepared and graded at a range of luminances. The luminances chosen
were 8000, 4000, 2000, 1000 and 500 nit, reducing in steps of one stop.
A peak luminance of 8000 nit was chosen instead of 10,000 nit as this
could be exactly maintained under experimental conditions.

The first chart, shown in Fig. 7a, contained 16 square luminance
patches, the brightest patch shown at the peak luminance of the display
with the intensity of each successive patch reduced by 1.25 stops to
cover a 20 stop range. The patches were displayed on four rows with
four patches on each row along with a single black patch; the order
of the patches on each row was randomised so as not to allow the
prediction of the location of a patch. The visual angle of each square
was 2◦58′. The goal of the task was to count the number of visible
patches.

The second chart, shown in Fig. 7b, contained 20 Ayres circles with
varying contrast on a grey background [31], the first row contained
10 smaller circles while the second and third rows contained 5 larger
circles. Each was comprised of a dark circle with a light stripe through
the middle. Each circle was presented at one of three possible orien-
tations, −30◦, 0◦, 30◦, chosen randomly. The circles were displayed
over a range of contrasts. The strip in the highest contrast circle was
chosen to be the peak luminance of the chart and was 20 stops lighter
than the grey background. The dark region was chosen to be 20 stops
darker than the background. Each successive circle has a lightness and
darkness 2 stops less than the previous giving 20 stops above and below
the grey background. The visual angle of the large circles was 2◦47′ and
the small circles was 1◦23′. The goal of the task was to correctly report
the orientation of the circle.

The third chart, shown in Fig. 7c, contained 30 full-height bars
descending in 1 stop steps from 8000 nit. The chart was clamped at the
peak luminance required for the grading. The visual angle of each bar
was 0◦59′. Each bar was annotated with a number and the goal of the
task was to write down the number corresponding to the first and last
perceptually differentiable bar allowing the calculation of the number
of stops visible.

The luminance of each patch can be calculated by dividing the peak
luminance by two raised to the stop value of the patch. The test charts
were not tone-mapped prior to display. The display provides a linear
relationship between input values and output luminance resulting in a
direct correlation between luminance level and information presented.
This evaluation is concerned with the correlation between emitted
luminance and information perceived.

The specifications for the SIM2 display used in the experiment are
shown in Table 2. For the experiment, the display was operated at
five different luminance levels: 500, 1000, 2000, 4000 and 8000 nits.
The display has an anti-glare coating (haze) of 1% with a coating

Table 2
Specifications of the display used in the evaluation.

Parameter HDR display

Brand SIM2 Multimedia
Model HDR47ES6MB prototype
Form factor 47′′

Static contrast ratio 185,000 ∶ 1
Resolution 1920 × 1080
Viewing angle ±85◦

Peak luminance 10,000 cd/m2

Table 3
Measured ambient illuminations in the testing environment.

Measured ambient illumination (lux) Time of day

0 10 pm
500 9 pm

5000 9 am
5000 6 pm

80000 12 noon

hardness of 3H. A black level of 0.05 nit has been measured for SIM2 dis-
plays [33]. It is not possible to measure black levels less than this with
a typical Luminance meter, such as the Sekonic L-758D DigitalMaster
light meter we used. The darkest stimuli used could not therefore be
validated. However, the peak luminance was confirmed with the light
meter.

4.2.4. Experimental environment
The experiment was performed in two environments, one indoor

and one outdoor. The outdoor experiments were conducted at times se-
lected from Table 3 so as to most closely match the target illuminances
shown in Table 1. The actual conditions tested were 0, 200, 3000 and
80,000 lux. To maintain the validity of the results obtained from the
experiments, the two first scenarios (0 and 200 lux) were conducted in
an experimental room in which all the environmental variables were
controlled. The remaining conditions were conducted in an outdoor
environment with the display in the shadow for the 3000 lux condition
and in the sun for the 80,000 lux condition. Care was taken to ensure
that the ambient light level did not vary during the time the experiment
was conducted. A Sekonic L-758D DigitalMaster was used to measure
the environmental illuminances. For the 80,000 lux condition the display
was placed at right angles to the sun.

The environments share common features however, the 47 ′′ HDR
display was placed approximately 2m in-front of the participants who
were sitting in groups of five. In each group, the participants were in
seated two rows so each has an unencumbered view of the display and
were within the required viewing angle of the display to ensure no loss
of luminance information.

4.2.5. Procedure
Before starting the experiment, the participants were informed that

they would be required to perform three tasks: count the number of
squares visible on the display; identify the direction of the luminous
strip on each circle; report the numbers corresponding to where they
could no longer identify the limits between consecutive bars, and were
asked to write down the results on paper for later analysis. Then they
were introduced to the environment in which their conditions took
place and asked to take a seat, ensuring that they can see the entirety of
the display. They were also asked to ensure their vision was corrected
to normal if required. Each participant was handed a sheet of paper on
a clipboard and a pen in order to report their results. The participants
were then given five minutes to adapt to the condition. The luminance
of the display and illuminance of the environment were recorded
right before the start of the experiment. Software then displayed the
permutation of the images for the experiment on the display and
the participants asked to mark down what they can perceive. Each
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Table 4
Mean scores for the three dependent variables across all brightness and ambient levels.
Mean correct answers are shown. Luminance is shown in nits and Illuminance in lux.

(a) Bars

Illuminance

0 200 3,000 80,000 𝝁𝒃

Luminance

500 15.00 14.70 12.50 8.70 12.725
1,000 16.50 16.00 13.00 9.10 13.650
2,000 16.90 17.00 13.90 10.10 14.475
4,000 17.00 17.00 16.20 11.60 15.600
8,000 18.30 18.80 16.20 12.20 16.375

𝝁𝒂 16.74 16.82 14.36 10.34

(b) Squares

Illuminance

0 200 3,000 80,000 𝝁𝒃

Luminance

500 11.50 10.60 8.90 7.70 9.675
1,000 12.10 11.50 9.50 7.80 10.225
2,000 12.00 12.00 10.30 8.20 10.625
4,000 12.10 12.00 11.50 9.50 11.275
8,000 13.20 12.60 11.70 10.50 12.000

𝝁𝒂 12.18 11.74 10.38 8.75

(c) Ayres

Illuminance

0 200 3,000 80,000 𝝁𝒃

Luminance

500 17.00 16.00 12.70 9.90 13.925
1,000 18.30 16.30 14.40 11.00 15.000
2,000 18.60 18.00 15.10 11.80 15.875
4,000 19.40 18.00 15.60 12.90 16.475
8,000 20.00 19.20 16.70 13.70 17.400

𝝁𝒂 18.66 17.50 14.90 11.86

permutation was shown for 15 s, followed by a five second 100 nit grey
screen. The total time of the experiment was five minutes. When all
the images have been displayed the luminance and illuminance were
measured again to ensure they remain consistent.

4.3. Results

Descriptive results for each of the three dependent variables are
shown in Table 4 to c. Fig. 8 shows the results for all the means.
Fig. 9 shows the results in stops averaged across the three dependent
variables.

The data captured for bars comprises two values: a 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 and
a 𝑚𝑎𝑥𝑖𝑚𝑢𝑚. For each capture the results are reported as the 𝑚𝑖𝑛𝑖𝑚𝑢𝑚
subtracted from the 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 as this represents the dynamic range
observed by the participant. For squares, the number of visible squares
are reported. Finally, for Ayres, the number of successful choices is
presented.

4.3.1. Bars results
For the dependent variable bars, a 4 (ambient) × 5 (brightness)

repeated measures factorial ANOVA was conducted.
For the main effect of brightness Mauchly’s test of sphericity was

violated (𝑝 < 0.05) and Greenhouse–Geisser corrections were applied.
The main effect was significant 𝐹 (2.32, 83.46) = 48.412, 𝑝 < 0.01. Pair-
wise comparisons with Bonferroni corrections demonstrated significant
differences amongst all the conditions at 𝑝 < 0.01 for all conditions.
However, 4000 nit against 8000 nit was significant at 𝑝 < 0.05.

For the main effect of ambient, a significant difference was also
noted 𝐹 (3, 36) = 4117.65, 𝑝 < 0.01. Pairwise comparisons with Bon-
ferroni corrections found significant differences for all conditions at
𝑝 < 0.01 except for the cases of 0 and 200 nit for which no difference
was found 𝑝 = 0.90.

Fig. 8. Mean scores for the three dependent variables.

4.3.2. Squares results
The dependent variable squares was also analysed using a 4

(ambient) × 5 (brightness) repeated measures factorial ANOVA.
The main effect of brightness was found to be significant with

Greenhouse–Geisser corrections as Mauchly’s test for sphericity was vi-
olated, 𝑝 < 0.05, 𝐹 (2.65, 95.56) = 63.915, 𝑝 < 0.01. Pairwise comparisons
found significant differences across all brightness conditions.

The main effect of ambient was also found to be significant 𝐹 (3, 36)
= 16155.01, 𝑝 < 0.01. Pairwise comparisons with Bonferroni corrections
found significant differences across all conditions except 0 and 200 nit
replicating the results seen for bars.
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Fig. 9. Mean results in stops for all dependent variables with error bars shown as ±
standard deviation.

4.3.3. Ayres results
As with the other dependent variables, Ayres was analysed using 4

(ambient) × 5 (brightness) repeated measures factorial ANOVA. For the
main effect of brightness, Greinhouse–Geiser corrections were applied as
Mauchly’s test of sphericity was violated, 𝑝 < 0.05, and a significant ef-
fect was found 𝐹 (2.86, 103.07) = 138.47, 𝑝 < 0.01. Pairwise comparisons
with Bonferroni corrections were again found to be significant across
all conditions.

The main effect of ambient was found to be significant at 𝐹 (3, 36) =
189.63, 𝑝 < 0.01. Pairwise comparisons with Bonferroni corrections
found significant differences across all conditions.

4.4. Analysis

Our initial hypothesis was that in bright ambient illuminations, a
higher peak brightness will allow more information from the image to
be perceived and the results show that this is indeed the case. From
Fig. 9, the display luminance necessary to perceive a certain range at a
given ambient illumination can be estimated, although the results for
the darker conditions may depend more on the black level obtained
by the display rather than the peak luminance. Around 15.5 stops can
be perceived on a 500 nit display in a 200 lux environment, whereas
that increases to over 18 stops on an 8000 nit display. In an 80,000 lux
environment, the entire range of content containing 10 stops can be
perceived correctly on a 1000 nit display, but if the content contains
14 stops an 8000 nit display is needed.

4.5. Discussion

The results demonstrate the advantage of utilising a display with
a peak luminance of at least 8000 nit. Participants scores for this
luminance significantly outperformed the other conditions across all
the three dependent variables. It is also clear that the participants’
performance at each of the tasks increases as the maximum luminance
of the display increases. This is to be expected and confirms our
hypothesis.

Another point of note is that as shown in Table 4b, the number
of squares that can be seen on a 1000 nit display at 200 lux (11.5)
is the same as can be seen on a 4000 nit display at 3000 lux. These
results provide an insight into the peak luminance required to match
the dynamic range of a scene with the ambient illumination. A system
which can automatically adjust to these criteria will ensure the optimal
HDR viewing experience while minimising the power required as there
is no need to produce a peak luminance higher than the determined
value.

The ambient illuminances chosen for this experiment are repre-
sentative of those in the environments where HDR content may be
viewed in the future. It was important to include a sunny environment
to show it is possible, with the right peak luminance, to appreciate
HDR content outside of a dark environment. Significant differences
were found between ambient illuminances confirming the hypothesis
that the peak luminance required to display HDR content is related to
ambient illumination.

4.5.1. Limitations
One limitation with the results is that, because the display is a proto-

type, although a peak luminance in excess of 10,000 nit was achieved, it
proved difficult to maintain a peak luminance level of exactly 10,000 nit
for extended periods of time. To ensure consistency for the duration of
the subjective evaluation, a maximum peak luminance of 8000 nit was
used as this level of luminance could be maintained throughout the
evaluation. Furthermore, to give priority to peak luminance, no limiting
factor was included on power consumption for the experiment. Despite
this limitation, the results clearly show, there is a significant difference
between the detail that can been seen with lower peak luminances
compared to our proposed display.

Secondly, although the display is nominally rated at a maximum
dynamic range of 17.5 stops, participants reported seeing up to 27 stops.
The data will therefore need to be tested for robustness before being
used further.

5. Estimating range

The results of the experiment presented in Section 4 provide an
insight into the display luminance required to perceive range in a
given ambient illumination. These results can be used to estimate the
number of stops visible given the illuminance of the environment and
the luminance of the display.

The estimate can be obtained by fitting a surface to the reported
data. Locations on this surface can be evaluated and the resulting
polynomial expression interpolated to estimate the visible number of
stops given the luminance and illuminance.

5.1. Method

A linear least-squares fitting method was used to model the partici-
pant responses from Section 4 with a 2 × 1 degree polynomial surface.
The fit was performed on the logarithms of the brightness and ambient
variables to linearise perceived response with a small epsilon added to
ambient.

No participants failed a test for reliability however nineteen results,
shown in Fig. 10, were removed for being greater than 2.7𝜎 (1.5× the
IQR as is standard in box plots [34]) from the condition sample mean.

5.2. Results & analysis

Fig. 11 shows how the surface fits to the participant responses. The
adjusted R square of the fit was 0.7407. The number of visible stops
can be estimated by evaluating the polynomial function:

𝑓 (𝑒, 𝑙) = 10.072 − 0.16553𝑒 + 0.9017𝑙 − 0.060996𝑒2 + 0.0435𝑒𝑙,

where: 𝑒 is the log of the 𝑎𝑚𝑏𝑖𝑒𝑛𝑡 + 1 and 𝑙 is the log of the brightness.
Alternatively, the polynomial can be solved for 𝑒 or 𝑙. Solving

for 𝑒 allows the estimation of the maximum illuminance in which a
display of a given luminance can be used to perceive content with a
certain dynamic range. Solving for 𝑙 allows the estimation of the display
luminance required to view content with a certain dynamic range in a
given ambient illumination. This is beneficial as the display luminance
can be reduced to consume less power if the combination of ambient
illuminance and content range does not require the maximum peak
brightness for the content to be fully appreciated.
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Fig. 10. Box and whisker plot for each pair of brightness and ambient conditions. The
19 outliers are shown with marks. Less marks are visible as some outlier results are
also duplicates.

Fig. 11. Surface fit to estimate the visible number of stops from the ambient and
brightness.

6. Conclusions

The prototype HDR display presented in this paper has shown that
it is possible to achieve a 10,000 nit display by innovative use of current
LED and LCD technology. With careful thermal management the display
does not require liquid cooling, and the overall power consumption can
be kept below 1.5 kW even when running at full peak brightness.

The subjective study has shown that this level of peak brightness
is necessary if HDR content is to be seen, and thus enjoyed in bright
ambient lighting conditions. Of course, the peak brightness of the dis-
play can be automatically reduced if the ambient light level decreases.
In particular this can help avoid any problems with eye fatigue due to
watching too bright content in a dark environment.

6.1. Future work

10,000 nit is the maximum luminance specified for UHD-TV in ITU
Recommendation BT.2020 [35]. As LED technology continues to im-
prove, as this work has shown, displays with peak luminances beyond
10,000 nits are possible. This has a number of implications, in particular

for UHD compression algorithms. Current methods being considered
by, for example SMPTE [36], HDR10 [37] and HLG [38], have been
developed for peak luminances of ≤ 10,000 nit. It is not clear whether
these methods will provide the desired quality for displays of more
than 10,000 nit and therefore new compression methods may need to be
developed to take advantage of future increases in display brightness.
Finally, future work will also investigate the impact of eye adaption
on viewing experience. Eye adaption is likely to be influenced by
the higher dynamic range of the displays as well as brighter ambient
lighting conditions.
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