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Abstract

Diffuse white is an important concept in all color appear-
ance models. However, there is a lack of research directly about
the perceived diffuse white in HDR images. Three experiments
were conducted to explore the perceptual estimation of diffuse
white in real HDR images when presented on displays. The first
experiment showed that the perceptual estimation of diffuse white
relied more on the image content than the clipped peak luminance
levels. Experiment Il used images with different neutral density
filters rather than clipping. The normalized luminance levels of
the perceptual estimation were similar, depending on image con-
tent but not on image absolute luminance levels. Moreover, in
both experiments, no significant difference can be found between
expert and naive observers. The variance across images agreed
with each other between experiment I and Il. However, both re-
sults demonstrated that the absolute luminance level of observers’
estimation is higher than the calibrated diffuse white level. Exper-
iment I11 focused on exploring the impact of measurement method-
ologies on the absolute luminance level of the estimated diffuse
white. Results of experiment IlI verified that the absolute lumi-
nance level of the perceptual estimation can be manipulated by
the measurement methodology but the variance across image con-
tent is stable.

Introduction

It is known that chromatic adaptation is an important mech-
anism of human visual perception. In most current color appear-
ance model, from the simplest CIELAB to CIECAMO2[1], or any
other color appearance models [2], chromatic adaptation trans-
forms require one to adopt the ”white” as an adapting point, or an-
chor. The “white” here refers to diffuse white / matte white, which
is the white level from a perfect diffuser. Usually for the reflective
objects, the uniform neutral matte object with highest possible re-
flectivity is considered as diffuse white in all current color appear-
ance models. It should be noted that the diffuse white/matte white
should be separated from the highlight white, which is a highly
reflective specular object and often perceived as a light source or
self luminous. The bidirectional reflectance distribution function
(BRDF) is used to precisely describe the material property with
respect to how “matte” and how “specular” it is.

Often the peak luminance of the display is used as diffuse
white in display characterization. In the classic Berns’ and Days’
display colorimetric methods [3-5], the peak of the display was
used as diffuse white in the colormetric color difference error min-
imization. It is a reasonable assumption as in standard dynamic
range (SDR) display peak luminance is normally close to the dif-
fuse white when presenting real images. For many current HDR
displays, a special "white” optical channel is added to achieve a
higher peak luminance. The peak luminance is usually used to
demonstrate the highlights, light sources, or bright high-chroma
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colors. For these HDR displays, it would not be a reasonable
assumption that the peak luminance is the diffuse white in char-
acterizing the display or image appearance. Moreover, in eval-
uating 3D color gamut volume of the display, the diffuse white
is important for all color appearance models. Therefore, deter-
mining the diffuse white is a fundamental factor in calculating the
3D color gamut volume. In Masaoka’s initial research about 3D
color gamut volume of HDR displays, different luminance lev-
els were used as “white” in the simulations [6]. In Jiang, et al.’s
following research about building a mathematical model predict-
ing 3D color gamut volume of HDR wide-color-gamut (WCG)
displays, two assumptions about “white” level were made, con-
stant 200 nits and 20% of the peak luminance [7]. Additionally,
ITU-R made a recommendation for using around 20% of peak lu-
minance in HLG encoding system for 1000 nits peak luminance
HDR WCG displays [8]. Additonally, Baek published the first
study about the perceptional color gamut volume [9]. In Baek’s
experiment, two different "white” levels were used in calculations
and compared with experiment data for side-by-side image eval-
uation. This means two different "white”s were used in a single
frame on one display, which is questionable. Jiang, et al. pre-
sented another study about the perceptual color gamut volume
through a psychophysical experiment [10]. In Jiang’s experiment,
the paired images were presented one by one separately with a
few seconds interval. Theoretically, different diffuse white levels
could be used for the two images. However, the perceptual esti-
mation of diffuse white did not show too much difference between
the pair of the same image content and different peak luminance
levels [10].

Three experiments are included in this paper. The first and
the second experiment focused on the perceptual evaluation of
diffuse white level and the third experiment showed the impact
of measuring methodologies on the absolute luminance level of
the estimated diffuse white when HDR images were presented on
displays. Experiment I was partially reported in [10]. It should be
noted that our experiments are different from the research about
lightness perception in HDR images. Allred’s research focused
on mapping HDR to a series of lightness, where the highest patch
was always perceived as white [11]. This paper explores diffuse
white in HDR images when presented in displays and comparing
that with the calibrated diffuse white in HDR images.

Experiment Design

Experiments 1 and II adopted the same configuration as
shown in Figure 1, a SONY 30 inch Trimaster 4K display with
two black plates blocking any ambient lights. This SONY dis-
play could reach a stable 1000 nits peak luminance. However, the
SONY display could not reach full screen 1000 nits due to the
Average Picture Level (APL) limitation. In our experiments, the
APLs of the images are low enough that the display could reach

195



a stable 1000 nits peak luminance. A LG 55-inch OLED TV was
used in experiment 111, Figure 4. In all experiments, the observers
were sitting in a dark room with curtains or stands blocking the
flare.

Figure 1: Configuration for experiment I and II, two black matte
stands were used to block any possible flare onto the display.

Figure 3: Example of image#1 with five level gray patches on the
center with black padding.

Experiment |
Images for Experiment

Figure 2 showed the images used in experiment 1. All the
6 images were taken with a well-calibrated HDR camera. Dur-
ing capture, a color checker was used to calibrate the exposure.
The exposure was following the ITU-R suggestion that the dif-
fuse white should be calibrated to 200 nits for 1000 peak lumi-
nance. All 6 original images would have a 1000 nits peak lumi-
nance when shown on the SONY display. The peak luminance of
these 6 images was clipped to the additional three different exper-
imental levels: 500 nits, 300 nits, and 200 nits. Therefore, there
were 24 images for evaluation. A five-level methodology was
used in this experiment. In each image five gray patches were
added at the center. Figure 3 illustrates an example of the five lev-
els. The five level patches were padded with black, with width of
20% of the patch size. The absolute luminances of the five levels
were: 176 nits, 285 nits, 439 nits, 640 nits, and 879 nits.
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Observers

In total, 21 observers participated in the experiment, includ-
ing 10 expert observers and 11 naive observers. The expert ob-
servers were identified by their background knowledge of a per-
fect diffuser/lambertian surface in radiometry. They were grad-
uate students majoring in imaging science or color science, and
faculty members in related area.

Observer’s Task

Each observer was asked to use a keyboard indicating their
estimation of the diffuse white. They were asked to pick two con-
secutive levels, where their estimation lay in between (or pick the
same level twice if they believe their estimations were very close
this level). All observers were instructed regarding the difference
between diffuse white and specular white/highlight white before
the experiment.

Experiment Il
Images for Experiment I1

The same 6 original images, Figure 2, were used in exper-
iment II. For each original image, three different neutral density
filters were used for scaling the whole image luminance level. The
transmittances of the three filters are: 0.7, 0.5, and 0.35. Including
the original one, each image generated 4 images, in total 24 im-
ages for observation. As discussed before, these images were cal-
ibrated with 200 nits diffuse white level when shown on the dis-
play. Therefore, for different filters, the calibrated diffuse white
would be 200 nits, 140 nits, 100 nits and 70 nits when shown on
display.

Observers

20 observers participated in experiment II, 10 expert ob-
servers and 10 naive observers. 10 expert observers were graduate
students / faculty members from imaging science or color science.

Observer’s Task

The same five-level methodology was used in experiment II.
The same five levels were used. As in experiment I, observers
were asked to pick two levels out of five. The five levels were
also scaled by the filters. All observers were instructed to the dif-
ference between diffuse white and specular white/highlight white
before the experiment.

Experiment Il

Figure 4: Configuration for experiment III.
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Images

The aim of experiment III is evaluating the impact of the
measuring methodology. Therefore, two different methodologies
were adopted. In addition to the five-level method in experiment I
and II, a single patch with method of adjustment was also used in
this experiment. Figure 4 shows the configuration of this experi-
ment. Due to the average picture level limitation of the TV, only
25% of the whole TV was used for presenting the image, and the
remaining area was set to black. Also the example in Figure 4
is an example of the single patch method, where one adjustable
patch was added on the center of the image. Observers were sit-
ting in a dark room during the experiment. Observers were seated
about 120 cm from the TV, during the experiment.

In this experiment, only images#1, #2, and #4 were used.
For the five-level method, the absolute luminance levels of the
five patches are 195.9 nits, 255.2 nits, 335.8 nits, 423.3 nits, and
573.9 nits. For the single patch method, 10 levels were provided:
150 nits, 175.8 nits, 205.8 nits, 240.8 nits, 281.9 nits, 330.6 nits,
386.8 nits, 452.5 nits, 529.0 nits, and 598.6 nits.

Observers

Only expert observers participated in this experiment. Re-
sults from experiment I and II showed not much difference be-
tween expert observers and naive observers. Therefore, graduate
students / faculty members from color science were recruited for
this experiment.

Observer’s Task

All observers participated in both methods. For the five-level
method, the observers were asked to pick two levels out of the five
the same as in experiment I and II. For the single-patch method,
observers could adjust the level closest to their estimations of the
diffuse white.

Result and Analysis

All the results and analysis of the three experiments are pre-
sented in this section. In experiment I and II, the average result
and a comparison between expert observers and naive observers
are analyzed. In experiment III, comparison between different
methods is demonstrated.

Result of Experiment |

Since it is well known that the perceived lightness is more
linear to the log scale of the absolute luminance level. All the
plots and analyses will be on a log scale of the absolute luminance
level. This corresponds with the span of the five levels, which are
almost linear in log scale. Figure 5 plots the overall average result
of experiment I. For each image, there are four corresponding data
points of different peak luminances, 1000 nits, 500 nits, 300 nits
and 200 nits as shown in legend. The five solid lines represent the
five provided patch levels. Each data point is plotted with plus-
and-minus one standard error bar.

Firstly, it can be seen that the variance across the six images
is bigger than the variance across 4 different peak luminances.
For images#1, #2, #3, and #6, the data of all four different peak
luminances are within each other’s one standard error. For im-
age#4, result of 1000 nits peak luminance is higher than that of
300 nits and 200 nits peak luminances. For image#4, there is
not an obvious white object in the image, which means there is
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Figure 5: Result of experiment I. Vertical axis is the absolute lu-
minance in log scale. Gray, red, green, blue and magenta solid
lines represent the five gray patch levels. Dashed line represents
the calibrated 200 nits diffuse white level.

no white reference when observers made estimations. Therefore,
a bit larger variance of this image than the others is reasonable.
For image#5, the estimated diffuse white of 200 nits peak lumi-
nance is lower than that of 500 nits and 300 nits peak luminances.
In image#5, the white sweater includes the white objects with a
gradient luminance changing. The white object is used by the ob-
servers as reference when the observers made their estimations.
The texture/detail of that is affected when the image was clipped
into different peak luminance levels. When used as a reference,
the white object losing texture would have an impact on the esti-
mation. This assumption would need more experiment to verify.
The 21 total observers were categorized into expert observers
and naive observers. Comparison between the two groups is made
to determine if any expertise would affect the result. Figure 6
plots the result of 10 expert observers on the left and that of 11
naive observers on the right. Firstly, results of both group showed
agreement with the overall group result that the variance across
the 6 images is larger than the variance of 4 different peak lumi-
nance levels of the same image content. Therefore, this conclu-
sion, stability of diffuse white across different peak lumiances, is
valid regardless of expertise. Moreover, the trend across images
is similar between the expert observers and the naive observers,
as well as that in Figure 5. However, the expert observers showed
slightly smaller variance over different peak luminance levels in
images#5, and #6 than naive observers. The variance across dif-
ferent peak luminance levels in image#4 is larger of the expert
observers than that of the naive observers.Therefore, no signif-
icant difference can be found between the expert observers and
the naive observers. This suggests that expertise of the “diffuse
white” would not necessary keep the result more consistent.

Result of Experiment Il

Firstly, it should be noted that in this experiment II ND filters
scaled whole images. Therefore, the image content did not change
but the luminance of the image changed with different filters. Fig-
ure 7 showed the overall average result of experiment II of the 20
observers. The vertical axis is log scale of the normalized lumi-
nance level, which was normalized by the peak luminance. Again,
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Figure 6: Comparison between 10 expert observers’ result (left) and 11 naive observers’ result (right) of experiment 1.
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Figure 7: Result of experiment II. Vertical axis is the log scale
of normalized luminance level. Gray, red, green, blue and ma-
genta solid lines represent the five gray patch levels. Dash line
represents the calibrated diffuse white level, 20% of the peak lu-
minance.

the five solid lines represent the five patch levels. Each data point
is the mean of the group chosen diffuse white levels and error bar
is one standard error. It can found that variance across images
is bigger than the standard error within each image. This agrees
with the conclusion from experiment I. Also the general trend of
chosen diffuse white across images agrees with that from exper-
iment I, highest in image#3, followed by images#1, #2, #4, then
#5, and #6. This again supports that the estimated diffuse white
is more relatively an image-based choice. The standard errors of
all different ND filters of all images are very close. This standard
error is very close to that from experiment I as well.

In this experiment, 20 observers can be divided into two
groups: 10 expert observers and 10 naive observers. Figure 8
showed the comparison between the two groups. Comparison
showed similarity between the expert observers and the naive ob-
servers in general trend, and that variance across 6 images is larger
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than that within the images of 4 different ND filters. For different
image contents, the expert observers showed even larger variance
across different ND filters on image#5 than the naive observers,
and slightly smaller on the rest images. The mean estimated dif-
fuse white levels of the expert observers are also very close to that
of the naive observers for all images.

Result of Experiment Il

Figure 9 plots the results of 9 expert observers. The blue line
and the blue markers indicate the result of the five-level method,
the red line and the red markers indicate the result of the sin-
gle patch method. All markers were also plotted with one stan-
dard error. The vertical axis is the absolute luminance in log
scale. Both the mean and the standard error were calculated in log
scale. Firstly, it can be found that the results of the two methods
showed similar trends across images, that the result of image#1
are close to that of image#2 and significantly higher than that of
image#4. However, in terms of the absolute luminance level, the
result of the five-level method is higher than that of the single
patch method. The absolute luminance level is around 350 nits
for images#1 and #2, and 300 nits for image#4. For the single
patch method, for all three images the absolute luminance level
is around 70 nits lower than that from the five-level method. The
result showed that the absolute luminance level of the estimation
depends highly on the measurement method.

The diffuse-white level of all the three images is calibrated
to 195 nits when presented on this TV. That was 200 nits for ex-
periment I. They are very close. So it is reasonable to compare the
results of this five-level method with the result from experiment I
directly. It can be found that the mean value in this experiment is
slightly lower than that from experiment I. This could be caused
by the difference between the provided absolute luminance lev-
els in the two experiments. In experiment I, the brightest patch
is much brighter than that in this five-level methodology. The si-
multaneous contrast could impact the overall perceived lightness
of the five levels if different five levels were provided. Also the
standard error of this experiment in Figure 9 is much smaller than
that from experiment I (Figure 5). This is more due to the fact that
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Figure 8: Comparison between 10 expert observers’ result (left) and 10 naive observers’ result (right) of experiment II.
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Figure 9: Comparison between result of single-patch adjustment
methodology and the five-level methodology for the image#1, #2,
and #4.

the range of the five levels in experiment III is much smaller than
that from experiment I. Therefore, the standard error is smaller as
the chosen levels were closer to each other.

Additionally, for the single patch method there are three dif-
ferent sizes of the patch, which are twice of that in the five-level
method (size 1), four times of that (size 2) and six times of that
(size 3). The comparison between the three sizes and the five-
level method is plotted in Figure 10. Firstly, for all three differ-
ent sizes, all the mean data are lower than that of the five-level
method. Within the same image, more variance across different
sizes is found for image#2 than image#1 and #4. This is an in-
teresting result. With the patch size increasing, the patch is cov-
ering more and more the white shirt of the lady in image#2 (see
Figure 11) while not covering any white reference in image#1 or
image#4. According to the feedback from the observers, their
priority in making estimations/decisions are using a white object
as reference. Therefore, covering the white object in the scene
would result in a larger variance in image#2. This is also an at-
tempt of exploring the area-lightness effect in complex images
from Gilchrist [12].
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Figure 10: Comparison of result of single-patch adjustment with
three different patch sizes. size I is twice of that in five-level as in
Figure 3, size 2 is four times of that, and size 3 is six times of that.

Discussion & Conclusions

Observers’ estimations of the diffuse white on the HDR im-
ages were explored in three experiments. In experiment I, only
the highlights/bright high chroma colors were clipped while the
most areas were kept the same. In experiment II, each image was
scaled by the ND filters. The ND filter scaled the whole image.
In both experiments results, the mean data varied more across the
image than different peak luminances or ND filters. Also the gen-
eral trend across the six images agrees with each other in the two
experiments. R” between the mean of experiment I and experi-
ment II is 0.79. This validates that the observers’ estimation is
more image-based than peak luminance or scales. Moreover, the
observers were categorized into two groups: expert observers and
naive observers. Almost no difference be found by between the
two groups in both experiments. However, the expert observers’
result showed slightly smaller standard error than that of the naive
observers. Expert observers’ estimations were slightly higher than
naive observers.

The result from experiment I showed that clipping the peak
luminance, keeping most matte intact, has very limited impact
on observers’ estimation of diffuse white level. This tells that
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Figure 11: Preview of original image#2 (top left), with size I
patch (top right), with size 2 patch (bottom left), and size 3 patch
(bottom right).

observers’ estimation depends more on the matte objects, which
corresponds with feedback from observers about their strategies.
Results from experiment II showed that observers can adapt com-
pletely even 0.3 ND filter, which has 60 nits calibrated diffuse
white level. In experiment III, the comparison between differ-
ent methods demonstrated that the absolute level of observers’
estimation changes with measurement methods. The result of the
single patch method is almost 70 nits lower than that from the five-
level method, and it is closer to the calibrated diffuse white level
200 nits. The big difference between the single patch method and
the five-level method can be explained by the simultaneous con-
trast effect [13]. Very bright patch in the five-level method makes
the perceived lightness of the rest patches much lower compared
with the single patch method. So, if the probable measurement
methodology, size location and texture of the patch, is used, there
is a high possibility that the estimation can be even closer to the
200 nits. For choosing a diffuse white level in image appearance
calculation/color gamut volume, a constant level, the calibrated
diffuse white level if the image/video has, can be used, even rec-
ommended as a standard for industry practical usage. Due to the
peak luminance limitation of the displays, in experiment I and
II, the maximum peak luminance is 1000 nits and the peak lumi-
nance is around 700 nits. As for the displays having a higher peak
luminance, the conclusions would need a verification experiment.
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