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Comparing Signal Detection Between Novel
High-Luminance HDR and Standard
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Abstract—DICOM specifies that digital data values should be
linearly mapped to just-noticable differences (JNDs) in luminance.
Increasing the number of JNDs available requires increasing the
display’s dynamic range. However, operating over too wide a range
may cause human observers to miss contrast in dark regions due to
adaptation to bright areas or, alternatively, miss edges in bright re-
gions due to scattering in the eye. Dolby Inc.’s high dynamic range
(HDR) LCD display has a maximum luminance over 2000 cd/m ;
bright enough to produce significant in-eye scatter. The display
combines a spatially variable backlight producing a low-resolution
8-bit “backlight image” with a high-resolution 8-bit LCD panel,
approximating a 16-bit greyscale display. Alternatively, by holding
the backlight constant at 800 cd/m , a standard medical LCD dis-
play can be simulated.

We used two-alternative forced choice (2AFC) signal-detection
experiments to quantify display quality. We explored whether the
full-power HDR display’s optical characteristics (scattering and
low resolution backlight) have a negative effect on signal detection
in medical images compared with a standard LCD. We used 8-bit
test images derived from high-field MRI data combined with syn-
thetic targets and synthetic Rician noise.

We suggest signal detection performance with the HDR display
is comparable to a standard medical LCD.

Index Terms—High dynamic range, high luminicense, medical
studies, user studies.

I. INTRODUCTION

REYSCALE medical image displays rely on the ob-
server s sensitivity to spatially varying luminance in

order to communicate a 2D array of digital values. Given
an liquid crystal display (LCD) display that can produce a
nite set of greyscale luminance values, the DICOM standard
formalizes a function for selecting the appropriate luminance
for each pixel to best represent some digital value in a medical
image [1]. The core principle behind the choices suggested by
the DICOM standard is that equal differences in digital values
should be represented by equal perceptual differences. Thus,
it proposes units of just-noticeable differences (JNDs) as the
perceptual equivalent of the digital data s units. A mapping
between luminance and JNDs is established in the DICOM
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standard based on previous human experiments. Using this
relationship, one can convert digital values into luminances
by ensuring that equal steps in the digital domain are mapped
to equal steps in the JND space and determining the relevant
luminances from the desired JND values.

In practice, LCD-based displays can achieve a nite range
of luminances. The ratio of the maximum to minimum lumi-
nances is generally referred to as the display s contrast ratio.
Further they have limited discrete luminance values inside this
range that are available for display. The base-2 logarithm of the
number of discrete luminance settings is called the display s
greyscale bit depth. The difference between minimum and max-
imum luminance provides an upper limit on the number of JNDs
that a human could perceive on a perfectly controllable display.
The bit depth determines how well we can approximate this
ideal display. Previous work has suggested that, for regular med-
ical displays with maximum and minimum luminances of ap-
proximately 900 cd/m? and 1.5 cd/m? respectively, there is little
value in producing monitors with more then 12-bit greyscale bit
depth [2].

Dolby has demonstrated a new high-dynamic range (HDR)
LCD-based technology that allows the minimum luminance of
the display to be zero, producing an effectively in nite contrast
ratio. Medical LCD displays normally use a uniform backlight
that provides approximately equal illumination to the back of
the LCD panel at every pixel. The LCD panel is then used to

Iter this light. However, current LCD technology cannot block
all the light, even when the LCD is set to full black. Thus,
on a normal LCD the minimum luminance level is some value
greater than zero. The new Dolby display technology uses a spa-
tially variable backlight to illuminate a standard LCD panel. The
spatial variability of the backlight allows it be turned off com-
pletely in regions where the image should be black, making for
regions with effectively zero luminance. Furthermore, the Dolby
technology relies on high-power light-emitting diodes (LEDs)
for the backlight, making the maximum luminance of displays
in the thousands of cd/m?.

However, the Dolby HDR LCD also introduces some com-
promises compared to a standard LCD. The spatially variable
backlight system cannot be controlled individually at each
pixel in the image. Instead, a low-resolution array of white
backlight LEDs is used and the illumination behind the LCD at
any location is the sum of the contributions from all the LEDs
whose point spread functions (PSFs) extend to that location
(see Fig. 1). Thus, while the backlight LEDs each individually
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Fig. 1. Dolby HDR display uses a standard LCD panel as a front plane and a
grid of LEDs to produce a spatially variable backlight. Each LED in the back-
light illuminates a region of the LCD panel de ned by the LED elements point
spread functions. When operating as an HDR display, the backlight is varied to
increase the dynamic range of the display. For example, since the bottom region
of the example image is desired to be black, the LEDs behind this region would
be turned off to make the region truly black. Since there are fewer LEDs than
LCD pixels, in regions where there are more detail (like the top of the example
image), a low-resolution version of the data is projected from the LEDs and then
high-frequency spatial variations are added again via the LCD panel.

have 8-bits of luminance depth and the LCD panel also has 8-bit
of greyscale depth, the resulting display does not have 16 bit
of independent greyscale depth at every pixel. Instead, we have
an approximation to a 16-bit display where neighboring pixels
luminance values are coarsely correlated. This correlation is
the result of the PSFs of the LEDs, where lighting one pixel
necessarily requires lighting the neighboring pixels as well.
However, for pixels that are suf ciently distant that the PSFs
of their respective backlight LEDs do not overlap, we have
complete decoupling and can independently vary these pixels
from true black (backlight off) to full brightness (backlight on
full-power) as illustrated in Fig. 1.

The low-resolution backlight is partially justi ed by the im-
perfect nature of the human optical system. In particular, light
scattering in the media of the eye causes bright regions to be
blurred [3]. This is commonly observed as a blooming or

halo effect where a bright region with a sharp edge abutting
a dark region will have a halo that extends over the edge. In
practice, this scattering-induced halo will be larger than the PSF
of the LEDs, meaning that the approximation artifacts from the
Dolby technology are less than the dominant source of error in
the human eye [4]. However, since this blooming effect can ob-
scure ne details and edges, it may be that there is still an ef-
fective upper limit on the brightness that is useful in medical
displays.

We were interested in determining whether the artifacts in-
troduced by the low-resolution Dolby backlight, combined with
the potential effect of scattered light, would impact the use of
these screens in a medical context. To this end, we have con-
ducted an experiment based on a two-alternative forced-choice
(2AFC) signal known exactly (SKE) signal-detection task. To
control the effects of the variable backlight and scattered light,
we tested the Dolby display in two con gurations. In the rst,
we made full use of the brightness and spatial variation available

from the backlight. In the second con guration we set the back-
light to be spatially uniform and produce a maximum display lu-
minance of 800 cd/m?; approximately the same luminance as a
high-end medical display. We then compared task performance
between these two conditions.

While the spatially variable backlight mode represents a
novel form of medical display, when in uniform backlight mode
the Dolby display becomes a standard LCD display. The Dolby
prototype screen we used employed an off-the-shelf LCD dis-
play panel; the only novel aspect of the display is the backlight.
While most uniformly backlit LCD displays rely on a small
light source and a diffuser to ensure uniform illumination, the
Dolby display in uniform backlight mode simply turns on all
the backlight LEDs to the same intensity, uniformly lighting the
rear of the panel due to the overlapping PSFs of the LEDs. By
choosing a uniform LED intensity that is comparable to current
medical displays, we can effectively simulate a medical-grade
LCD display.

We refer to our uniformly backlit LCD as a simulation of a
medical LCD display because our prototype s resolution, while
suitable for our task, was not medical grade and we do not mean
to imply that our Dolby prototype has met the quality standards
demanded of true medical displays. However, given the focus
of our experiments, we feel this was an adequate exemplar of a
normal LCD. Additionally, the ability to switch the same display
from spatially variable backlight to uniform backlight mode al-
lowed us to control all the other possible confounding effects
that might occur if we compared two different pieces of hard-
ware. With our setup we use the same LCD panel and other
physical aspects of the display are constant across conditions,
ensuring that we really are able to test the effect of the increased
brightness and spatially variable backlight. We will interchange-
ably use the term displays ( standard LCD or HDRLCD )
or modes ( uniform backlight or spatially variable back-
light, respectively) when discussing the setup and results of our
experiments.

The display was not DICOM-calibrated in either backlight
condition. We instead used the native calibration functions of
the display. While the Dolby HDR system has rami cations in
terms of uniformity and calibration [5], and thus the useful bit
depth available if the display were DICOM calibrated, our goal
in these experiments was to explore the effects of veiling lumi-
nance and the Dolby HDR technology on the detection of ne
details. Due to this focus, we felt that using the native calibration
of the displays was acceptable for our task. Despite our choice
of experimental calibration, our experiment is motivated by the
DICOM calibration function in that, if we are to display more
perceivable shades of grey simultaneously on a medical display,
we will need greater dynamic range and higher bit-depth than
currently available in medical LCD hardware. Our interest in the
present experiment is whether the prototype Dolby HDR screen
we used exceeded an upper limit on the dynamic range that can
be usefully employed on a Dolby HDR display for a realistic
signal detection task. Such a limit, either resulting from the op-
tics of the eye or the approximations inherent in the Dolby HDR
technology, would then reduce the advantage in simultaneous
grey shades that a DICOM-calibrated HDR LCD display would
have over a traditional DICOM-calibrated LCD.
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In Section 11 we will describe the process used to produce our
stimulus images, provide a description of the 2AFC task that our
subjects performed, and provide more details about the display
and how we used it. In Section Il we present and analyze the
results of our experiments, and discuss their implications for
use of the Dolby display. Finally, in Section IV we present our
conclusions.

Il. METHODS AND MATERIALS

A. Stimulus Images

Our stimulus images were generated using a similar method-
ology to previous work on the evaluation of MRI reconstruction
[6]. Our goal in using anatomical MRI backgrounds was not
to simulate a realistic pathology, but instead to provide a real-
istic background that stimulates the contrast sensitivity of the
observer in the same way a real medical image would. This pro-
vides a visual distraction effect similar to that of real medical
images.

We began with several 16-bit magnitude-reconstructed 3D
inversion recovery head MRI volumes of healthy volunteers
acquired on a 3T Philips Gyroscan Intera scanner. The volumes
were sliced along the three major axes to produce a corpus
of full-head images. From the full-size images, 128x128
pixel images were constructed along the three major axes by
selecting 128x 128 pixel regions randomly from the full-size
images. Pixel values were then normalized to the range (0,1)
to ensure consistency between images. To verify that our small
images contained anatomy in the central part of the image,
we computed the average intensity in the central 64 x64 pixel
sub image and ensured it was above 50% of the maximum
intensity well above the value that would be expected for
pure noise. Images that were over the threshold were kept as
backgrounds.

Our backgrounds were randomly divided into target-present
and target-absent sets. Images in the target-present set were
summed with an anti-aliased circular target signal de ned by
the function

b, iflz—z|| <w
b(l—|lz—z|4+w), fu<|z-2z|<l+w
0, otherwise

o)

where z is a 2D coordinate in image space, b is the amplitude
of the target signal, z is the index of the image center, ||-|| is
the Euclidean norm, and w is the radius of the feature. Location
coordinates x and z and radii w are speci ed in pixels. We set
w = 3 pixels which was approximately equivalent to a 6 mm
feature in the anatomy.

To simulate Rician-distributed thermal MRI noise [7] in
our target-present and target-absent images, we produced two
random samples from a Gaussian distribution N(0, o) for each
pixel in each of our synthetic images. Let B(z) be the intensity
of a given anatomical background image at location =, S(x)
be the intensity of the target signal at location z, and Q4 (x)
and Q2(x) be the two samples from the Gaussian distribution

S(x) =
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at location . We can then write the nal target-present image
with simulated thermal noise as

—1/2

1(@) = [(B(2) + $(2) + Q1(2))” + Qs ()?] @
and target-absent images are simulated with
I@) = [(B@) + Q@) + @] . @

When adding signals and noise, we subdivided our im-
ages into four conditions representing four different target
contrast-to-noise ratios (CNRs). These four CNRs de ne
four different levels of contrast between the target and what-
ever anatomical background it was summed with, relative
to the noise power. Using the variables speci ed above,
these four conditions were (b = (1/20),0 = (3/40)),
(b = (1/12),0 = (3/40)), (b = (1/12),0 = (9/200)), and
(b= (5/36),0 = (9/200)) which give target CNRs of approx-
imately (2/3) ~ 0.667, (10/9) ~ 1.111, (50/27) ~ 1.852,
(250/81) ~ 3.086. Naturally, we expect that targets with lower
target CNRs will be harder to detect as they will blend in more
with the background.

It is important to distinguish these CNRs from the pixel SNRs
of the targets in the nal images. The target pixel SNRs were
usually far higher than indicated by these target CNR values be-
cause the target s intensity was summed with the intensity of
the underlying anatomical background. Of course, while sum-
ming the target with a bright background will increase pixel
SNR at these locations, we do not expect that this will improve
detectability. As noted before, the background is expected to
be a distracter. However, we highlight that the nal pixel SNR
is substantially higher than the target CNR in order to assure
those familiar with peak SNRs in MRI data that we were not
producing synthetic data with unrealistically low SNRs.

Finally, we note that there is some real thermal noise already
present in our background images B(z). However, because of
the quality of the scans used, this real thermal noise s variance
is far less than that of our simulated thermal noise, and thus we
do not expect it had any impact on the nal results.

Once the signal and noise was added, the entire image corpus
was normalized so that the darkest pixel over all the images was
set to 0 and the brightest pixel over all the images was set to
255. Thus, most images spanned some slightly smaller range
of values. We then stored the nal images as 8-bit values. An
example of one anatomical background in all four target-present
conditions is shown in Fig. 2.

Reducing our data to 8-bit values could be seen as missing
the point of using a high-contrast display. Having increased the
luminance range that the display can provide, we now have more
JNDs available and can thus afford to show more than 8 bits of
greyscale information simultaneously. Our reason for choosing
8-bit information as the nal digital output for our experiment
stems from the fact that, at this point, we are interested only
in testing the effects of the Dolby display s optical design and
brightness. Thus, by using 8-bit data we can ensure that our
images can be presented without further data reduction in both
of our display modes, which are described in a later section.
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Fig. 2. Example of one anatomical background in all four target-present con-
ditions. The target signal is the small circle visible just under the cortical folds,
in the center of the images. Note that, unlike what is depicted in this gure, in
our experiment any given background was used in only one target-CNR/noise-
power condition.

B. 2AFC Task

Signal-detection tasks have a long history in measuring the
quality of imaging systems, including the evaluation of med-
ical imaging modalities and image reconstruction algorithms
[6], [8] [10]. Our particular experiment structure  the 2AFC
experiment  has also been used previously in the evaluation
of medical LCD displays [11].

Our seventeen volunteers were all non-radiologists with no
previous medical image reading experience. All subjects had
fully corrected vision and were graduate students or university
graduates. The age range (early-20s to mid-40s) was well below
the age signi cance threshold in the CIE General Disability
Glare Equation [3] indicating that the age variation should not be
asigni cant factor in the quantity of scatter in their eye, and thus
their perception of the blooming effect. Similarly, eye color of
the subjects was not an important factor as the experiment was
setup to have viewing angles smaller than the CIE threshold of
30 deg at which eye color becomes signi cant [3]. The entire ex-
periment was conducted in a fully darkened room, with the dis-
play being the only source of illumination. Subjects were seated
on-axis both vertically and horizontally with the display and ap-
proximately 1.4 m from the screen approximately three times
the height of the display away from the screen as this is consid-
ered the optimal distance for HDTV viewing and our prototype
screen was based on a restricted region of an HDTV screen.

The display was shrouded in heavy black cloth to cover re-

ected light from the frame and ensure that participants saw
only the portion of the screen containing the interface. Inside
of this region, two images were displayed in a vertical orienta-
tion, with a gap between them in which we displayed the target
feature for the trial. Images and target features were scaled by a
factor of three to produce a 384 x 384-pixel image and a target
with a radius of 10 pixels on the actual display. Each image

measured approximately 16.4 cm across and subtended approx-
imately 6.8° in the observers visual eld. The target feature
in the center region was displayed on a black background with
amplitude de ned by b, and thus varied from trial to trial de-
pending on the condition being presented. The target feature s
displayed diameter was approximately 9 mm and subtended
0.37° inthe observers visual eld. This display method allowed
users to see the same contrast between the target and black back-
ground as they would see between the target and anatomy in
the candidate images. Note, however, that this means the am-
plitude of the target was substantially lower in the center region
than in the candidate images, since the target s amplitude in the
target-present image would depend on the intensity of the un-
derlying anatomy. We felt that presenting the target s contrast
was more important than its absolute intensity, since the inten-
sity would depend substantially on which image it was summed
with, while the target CNR, and thus contrast, was the exper-
imental variable being held constant across all trials in each
condition.

In each trial the two images were chosen from the same
target amplitude and noise power condition so that one was
target-present and the other target-absent. Due to the large
number of images produced from our subsampling described
in Section 11-A, and the fact that our images were being chosen
without replacement, we treated this process as independent
sampling from paired target-present and target-absent distri-
butions, as is common in 2AFC experiments [6], [11] [13].
In our experiment, the distributions in the pair were de ned
by the target amplitude, the noise power, and the backlight
mode being chosen, giving a total of 8 distribution-pairs (4
target-CNR/noise-power combinations and two display modes).
Note that this means different images were used in each of
the target-CNR/noise-power conditions and so every trial on a
given display was independently generated and observers saw
4 (conditions) x 32 (trials) x 2 (target-present/-absent) = 256
different backgrounds on each display.

Subjects were told that, if the target was present in an image,
the circular target would sum with the background to make the
region brighter. They were then directed to compare both im-
ages with the target feature displayed in the center of the screen
and select their best guess for which of the two images was
target-present. To ensure that there was no confusion about the
location of the target, we superimposed cross hairs on the im-
ages. These cross hairs could be toggled on and off by the users
so that visual distraction could be minimized when desired. The
interface is illustrated in Fig. 3. Since the users were shown both
the target and where it would be located if it were added, this is
a 2AFC SKE task.

Users were given 10 minutes of training in the darkened
room in order to allow for eye adaptation to the lighting con-
ditions. Users were then shown the display con gured either
in uniform or spatially variable backlight mode (odd-num-
bered subjects saw the spatially varying backlit display rst,
even-numbered subjects were initially presented with the uni-
formly backlit display). The subjects were asked to perform
the task for 128 image pairs (32 images in each of the four
target-CNR/noise-power conditions). The display was then
toggled into the opposite mode and the same 128 image pairs
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