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ABSTRACT
This study investigates the effect of the black level and color gamut on the overall display brightness
using a psychophysical experiment. Two stimuli with different color gamut were matched until the
overall brightness appeared the sameby controlling thepeakdisplay luminance. Three experimental
sessions were conducted with varying black levels and color gamut. The results indicate that the
effect of the color gamut on perceived brightness was significant, unlike that of the black level. The
matched luminance increased by 6% to 8% as the color gamut widened from sRGB to DCI-P3. The
equivalent luminancepredictionmodelswere testedusing theaverage stimuli luminance, exhibiting
poor performances.
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1. Introduction

Although the peak luminance is the same, the perceived
display brightness varies depending on the different dis-
play color characteristics. The authors’ previous study
compared the perceived brightness of two displays with
similar peak luminance but different black levels and
color gamut [1]. The results revealed that the black level
and color gamut affect the overall image brightness.

The black level affects the perceived brightness due
to the simultaneous contrast effect. This effect is a color
appearance phenomenon in which brightness is per-
ceived differently depending on the background lumi-
nance. For example, a gray patch on a black background
is perceived as brighter than a gray patch on awhite back-
ground. Mantiuk et al. studied the relationship between
the surrounding luminance and the stimuli’s brightness
of a display [2]. They determined that the perceptu-
ally absolute black level, perceived as the darkest black,
changed depending on the surrounding luminance. The
absolute black level increasedwith the surrounding lumi-
nance. Baek et al. investigated the effect of the black level
in complex images. They showed that people perceive an
image with a lower black level as brighter as the dark area
of an image increases [3].

The color gamut is related to the
Helmholtz-Kohlrauch (H-K) effect, which refers to the
increased brightness for colors with the same luminance
but a higher chroma. As the color gamut expressible
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by the display widens, the H-K effect becomes a more
important issue for display brightness. Previous stud-
ies have explored the H-K effect using various displays
[4]. For instance, in the cathode-ray tube (CRT) display,
the brightness-matching experiment was conducted with
red, green, blue, cyan, magenta, and yellow patches by
adjusting the luminance of gray color patches to have
the same brightness [5]. Kim et al. [6] and Park [7]
examined the lightness in an organic light-emitting diode
(OLED) display, liquid-crystal display (LCD), and quan-
tum dot (QD) display using magnitude estimation. Oh
et al. demonstrated the H-K effect in complex images
with awide color gamut LCD [8]. Shizume et al. andNak-
agawa et al. showed the H-K effect on the brightness of
natural images reflecting the H-K effect [9,10].

The previous studies imply that making a display
appear brighter is possible by controlling the black level
and color gamut without increasing the peak lumi-
nance. Therefore, this study investigated the relation-
ship between the display peak luminance, black level,
and color gamut size to achieve the same display image
brightness to identify how much the display peak lumi-
nance can be changed by black level and color gamut
change while maintaining a similar display brightness.

During the experiments, two images, reference and
test, with different black levels and color gamut, were
shown side-by-side. The observers were asked to control
the peak luminance of the test images until they showed a
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Figure 1. Luminance change of white color by the average pixel
level of the OLED display.

similar image brightness. There were three sessions, and
the black level and color gamut of the images were set
differently for each session.

2. Brightness matching experiment by
controlling peak luminance

2.1. Experimental setting

A 30-inch OLED display (SONY BVMX-300) with a res-
olution of 3840× 2160 was used in the experiment. Since
the peak luminance of theOLEDdisplay is affected by the
average pixel level (APL), the luminance of the peakwhite
was measured by changing the color patch size. Figure
1 shows that the luminance decreased when the white
patch was larger than 50% of the display size. Therefore,
in this study, the total stimulus size was adjusted to be
50% of the total screen area to maintain the same peak
luminance regardless of the image contents.

Figure 2 shows the monitor characteristics: the color
gamut in CIE xy space and tone curve. The display
gamma was 2.4, and the color gamut was similar to that
of DCI-P3.

Figure 3. Example of experimental stimuli.

Figure 3 illustrates an example of experimental stim-
uli. The images on the left and right represent the refer-
ence and test stimuli, respectively. Each image size was
25% of the total display area, corresponding to 960× 540
pixels. The display was covered with black paper, except
for the stimulus area, to minimize the effect of the black
background and separate the two stimuli similar to dif-
ferent displays.

2.2. Stimulus

Complex images were used as stimuli. All stimuli were
categorized into three images: overall dark, colorful, and
overall bright. Figure 4 exemplifies each type.

The experiment involved three sessions, each with a
different number of stimuli. Six stimuli overlapped in all
sessions.

Table 1 summarizes the stimulus sets. The black level
and color gamut of the test stimulus were set to zero and
sRGB, respectively. The black level and color gamut set-
tings for reference stimuli were changed for each session.
Only the peak luminance of the reference was fixed at

Figure 2. Color gamut and gamma characteristics of the OLED display used in the experiment.
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Figure 4. Sample images of different stimulus: (a) overall dark, (b) colorful image, and (c) overall bright.

Table 1. Black level and color gamut stimuli settings in each session.

Setting Session 1 Session 2 Session 3

Reference Stimuli black level (cd/m2) 0.003, 0.01, 0.05, 0.1
0.2, 0.3, 0.4, 0.5

0.003, 0.01, 0.05, 0.1
0.2, 0.3, 0.4, 0.5

0, 0.5, 1

color gamut sRGB DCI-P3 Gamut 1,
Gamut 2 (sRGB),
Gamut 3 (DCI-P3)

Test Stimuli black level (cd/m2) 0 0 0
color gamut sRGB sRGB sRGB

Number of Stimuli 22 6 8

Category overall dark image 7 2 2
colorful image 6 2 4
overall bright image 9 2 2

414.14 cd/m2. All the settings were simulated using the
gain-offset-gamma (GOG) model.

In Session 1, the black level was changed in eight
steps from 0.003–0.5 cd/m2, and the color gamut was
unchanged in the reference and test stimuli. Sessions 2
and 3 were conducted using different black levels and
color gamut settings. Session 3 included Session 2 stim-
uli with two additional colorful images. Figure 5 presents
the measured color gamut in Session 3, in which Gamut
2 and 3 denote sRGB and DCI-P3, respectively. Gamut 1
was designed for this experiment to simulate the smaller
color gamut than sRGB. The chromaticity of the Gamut1
primary was on the line connecting the DCI-P3 primary
andD65white, which is the blue line in Figure 5. Gamut1
covers 76% of sRGB and 54% of DCI-P3.

Figure 6 shows the imagemanipulation process, which
involves simulating the stimulus to have the color gamut
and black level specified in Table 1. First, the digital RGB
values of the original image are converted to linear RGB
after dividing the digital RGB values by 255 and applying

a 2.4 gamma (i.e.
(
digital RGB

255

)2.4
). Next, the tristimulus

values XYZ were calculated from the linear RGB using
a 3× 3 matrix, which represents the target color gamut.
TheXYZ value of the black level was added to the original
XYZ values to obtain the target XYZ. The inverse pro-
cess was applied to the target XYZ values to generate the
stimulus. The target XYZ values were transformed back
to linear RGB using a 3× 3 matrix based on the display
color gamut. Finally, the linear RGB was converted to the

Figure 5. Color gamut settings in Session 3.

digital RGB using the inverse display gamma function to
obtain the experimental stimulus.

The performance of the imagemanipulation was eval-
uated by comparing the predicted and measured values
of CIELAB color difference. The result showed that the
average difference was 0.8 �E∗ab.

2.3. Experimental method

The brightness-matching experiment was conducted in
a dark room. Observers sat in front of the display. The
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Figure 6. The process of image manipulation for stimulus.

Figure 7. Matching peak luminance result of Session 1 according to the image number.

distance between observers and the display was approxi-
mately 1 m.

The observers adjusted the peak luminance of the test
stimuli until the reference and test stimuli had the same
overall perceived brightness. The starting peak lumi-
nance of the test stimulus was randomly set between
350 cd/m2 to 450 cd/m2 for each stimulus. The stim-
uli were shown randomly. The peak luminance of the
test stimulus can be controlled using the arrow keys on
the keyboard. The experiment set was repeated twice in
Session 1 and thrice in Sessions 2 and 3. The match-
ing task has no time limit. The next stimulus was
immediately presented when the matching stimulus was
completed.

Ten observers participated in Sessions 1 and 3, and five
participated in Session 2. All observers had normal color
vision and were in their 20s or 30s. Different participants
observed each session.

3. Experiment results

The matched peak luminance of all the observers was
averaged for analysis. Figures 7, 9, and 10 show each ses-
sion’s average peak luminance results for each session,
where the x-axis indicates the stimulus number, and the
y-axis indicates the average peak luminance. The average
peak luminance above the reference line means that the
reference stimulus appears brighter than the test stimuli
at the same peak luminance.

According to Session 1’s results (Figure 7), the average
peak luminance has no significant difference by the black
level, except for the first stimulus.

The matched peak luminance of the first stimulus, an
image of a star floating on a dark night, decreases as the
black level increases, indicating that the lower black level
makes the peak white less bright. However, other images
did not show such trend. For example, Figure 8 compares
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Figure 8. Matching peak luminance result of images 1 and 2 in
Session 1.

the images 1 and 2 results. Even though both images
have the similar characteristics, image 2 did not show
the systematic matching luminance change by the black
level. Thus, the image dependency shown in Baek et al.’s
study [3] was not applicable in our study. Specifically,
this means the overall brightness change by the black
level does not directly correspond to the peak luminance
change.

Unlike Session 1, all average peak luminance values
were above the reference luminance because of the effect
of the color gamut in Session 2 (Figure 9). The stimulus
with DCI-P3 color gamut was perceived as brighter than
the sRGB color gamut regardless of the black level and
image category. In particular, Image 4, the first image in
Figure 3 (b), has the highest peak luminance because it
mostly contains a highly saturated red region.

Session 3 results suggest that the peak luminance
increases as the color gamut widens (Figure 10),

regardless of the black level confirming Session 1
and Session 2 results. The ‘colorful images’ exhibit
the largest peak luminance increment (Gamut 3) or
decrement (Gamut 1), while ‘overall dark images’ and
‘overall brightness images’ demonstrate smaller match-
ing differences. This effect implies that Helmholtz-
Kohlrauch (H-K) effect, the phenomenon that col-
orful colors look brighter than desaturated colors
with the same luminance, affected the experiment’s
result.

Table 2 details the matched peak luminance of each
gamut in Session 3. When the color gamut changed from
Gamut 1 to sRGBand sRGB toDCI-P3, thematched peak
luminance increased by 6% and 8%.

4. Equivalent luminance predictionmodel test
(Helmholtz-kohlrauch effect)

According to the experiment results, the effect of the
black level and image category on the matching peak
luminance is insignificant. The impact of the color gamut
on the brightness was confirmed in Session 2 and 3
results, where the Helmholtz-Kohlrausch effect exists on
complex images. The equivalent luminance prediction
models considering the H-K effect were tested using the
results of Sessions 2 and 3.

The prediction models used were the CIE 200 and
variable achromatic color (VAC) method developed by
Nayatani [11,12]. CIE200 was proposed by the Inter-
national Commission on Illumination (CIE) [13,14]
to predict the brightness of colored objects (or light),
including the mesopic vision range. Equivalent lumi-
nance, the luminance of specified reference light with the

Figure 9. Matching peak luminance results of Session 2 according to the image number.
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Figure 10. Matching peak luminance results of Session 3 according to the image number.

Table 2. Matching peak luminance (cd/m2) of each gamut in Session 3.

Category Stimulus Number Black Level Gamut 1 Gamut 2 (sRGB) Gamut 3 (DCI-P3)

Overall Dark Image 1 0 365.43 426.16 474.84
0.5 357.34 403.15 478.27
1 347.72 416.59 493.29

2 0 370.13 419.27 429.60
0.5 393.10 390.72 421.93
1 389.93 405.92 429.64

Colorful Image 3 0 384.99 410.51 463.76
0.5 394.82 405.92 455.30
1 389.93 398.02 456.12

4 0 385.00 428.63 434.71
0.5 427.11 428.63 429.60
1 414.07 424.65 414.07

5 0 389.99 404.15 429.60
0.5 394.64 400.72 457.91
1 379.96 406.80 460.52

6 0 383.37 414.07 416.59
0.5 385.08 411.40 431.30
1 393.10 385.00 419.21

Overall Bright Image 7 0 383.37 399.41 467.62
0.5 361.04 413.98 482.61
1 375.04 426.16 493.28

8 0 426.16 428.63 419.27
0.5 424.65 439.14 431.30
1 420.09 427.11 422.72

same brightness, can be obtained using both prediction
models.

4.1. Test methods

The equivalent luminance of each pixel was obtained to
test the experimental results. Figure 11 illustrates a simple
scheme of the test process. First, the digital RGB values
of all pixels were converted to tristimulus values (XYZ)
using the display characterization model. The matched
peak luminance was applied as the peak luminance of
the test stimuli, and the reference stimuli was fixed at
414cd/m2. Second, the equivalent luminance of all pix-
els was obtained using two existing prediction models.
Third, the difference between the equivalent luminance
of the reference and test, �Yeq, was calculated from the
average equivalent luminance obtained. If the equivalent

luminance difference, �Yeq, is near zero, the model can
predict the H-K effect.

4.2. Test results

The performance of the VAC and CIE200 models was
evaluated by calculating how much the equivalent lumi-
nance difference is reduced after applying the model
compared to the original average luminance difference
between the reference and thematched test image. Figure
12 shows the result. The equivalent luminance difference
calculated by the two models remained almost the same
compared with the original luminance data, implying
that the existing models fail to predict our experimental
data.

The low performance of the existing models may
be caused by the different experimental conditions.
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Figure 11. Simple scheme of the equivalent luminance calculation process.

Figure 12. The performance of the VAC and CIE200 models: (a) Session 2, (b) Session 3, Gamut 1, and (c) Session 3, Gamut 3.

Both models were developed based on the brightness-
matching experimental data with lower luminance, and
the simple color patch was used instead of the complex
image used for this experiment. Therefore, the perceived
brightness models must be further improved to predict
perceived brightness on wider color gamut displays.

5. Conclusions

This study assessed the effect of the black level, color
gamut, and display peak luminance on the perceived
brightness of an image. The display image’s brightness-
matching experiment was conducted using two images
with different black levels and color gamut sizes shown
side-by-side. The observers were asked to adjust the peak
luminance of the test stimuli until the reference stimuli
had the same overall perceived brightness. The experi-
mental results expressed that the observers set the higher
luminance for the test stimuli when the reference stim-
uli had the larger color gamut, while the black level did
not affect the matching results. The matched luminance
increased by 6% to 8% as the color gamut widened from
sRGB to DCI-P3. This result demonstrated that the dis-
play’s color gamut increase makes the display more vivid
and brighter because of the H-K effect.

The equivalent luminance prediction models were
tested, and the test results suggested poor performances.

This means the existing models have low accuracy in
predicting the H-K effect in complex images.

Consequently, color gamut effects should be consid-
ered when assessing the display brightness. Moreover, a
brightness model that can be applied to displays with
a wider color gamut must be developed. In addition,
because the difference in the image contents also affects
the brightness, image dependency should be considered.
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