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Abstract: Helmholtz-Kohlrausch effect (H-K effect) describes the influence of color purity on the perceived
brightness of a colored object. Quantum dots (QD) based backlights can enhance the color quality of Liquid
Crystal Display (LCD) with improved perceived brightness due to the well-known H-K effect. However, the
H-K effect of QD embedded TVs (also known as QLED TV) has not been fully demonstrated. In this paper,
we investigated the H-K effect of QLED TVs through a comparative study between QLED backlights and
YAG-LED backlights. By comparing the viewers’ experimental results with the Kaiser and Nayatani model,
we demonstrate that a QLED TV shows significant H-K effect. To achieve the same perceived brightness
with YAG-LED TV, the physical brightness of QLED TV was greatly decreased to 75% for pure red, 86%
for pure green, and 74%-88% for bright colorful images. Moreover, QLED TVs are strongly preferred over
YAG-LED TVs even when both QLED TV and YAG-LED TV show the same perceived brightness. The res-

ults imply the bright future of QLED TVs toward healthly displays.
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1 Introduction

The display is an important technology for in-
formation communication. Display technology has
developed well in the past 20 years. As a key para-
meter for describing the performance of display
screens, color gamut represents the largest range of
colors that a screen can display, which was defined
by the International Commission on Illumination
(CIE) in 1931. The colored triangle in the color
space is the gamut limit of a screen'!. The National
Television System Committee (NTSC) is one of the
standard color gamuts, which indicates the subset of
all colors that should be generated®. The color
gamut of conventional Liquid Crystal Display
(LCD) with LED backlight is usually less than 70%
NTSC because of the broad emission of Yttrium
Aluminum Garnet (YAG) phosphor®™*. Quantum
Dots (QDs) are nanoscale semiconductor crystals

with narrow-band emission, tunable color and high

doi: 10.37188/C0.2021-0058

quantum yields, which can improve the color qual-
ity of LCD displays™. The color gamut of QD em-
bedded TVs (also known as QLED TVs) can reach
up to 120% NTSC®"1 In 2013, Sony" and QD
Vision first showed QLED TVs at the Consumer
Electronics Show (CES). Later on, many compan-
ies launched their own QLED TV products!*'", in-
cluding TCL, Samsung, Hisense, etc. In 2020, more
than 10 million QLED TVs were sold. In comparis-
on with the rapid commercialization of QLED TV
products, the investigation of their color perform-
ance lagged off.

The Helmholtz-Kollosch effect (H-K effect)
refers to the phenomenon that the perceived bright-
ness of color increases with the increase of color
purity!*2%, Tsujimura et al. showed that the H-K ef-
fect is involved in OLEDs?! and a similar phe-
nomenon has been reported in LED projectors®>,
Although it is expected that QLED TVs have a more
significant H-K effect®*", the H-K effect of QLED

TV has not been comprehensively studied. In this
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paper, we investigated the H-K effect of QLED TV
through a comparative study between QLED back-
lights and YAG-LED backlights. By comparing the
results of an observational study with the Kaiser and
Nayatani model, we illustrated the influence of col-

or gamut on the perceived brightness of QLED TVs.

2 Models for calculating the H-K
effect

According to the literature, perceived bright-
ness (the sensation) does not always vary linearly
with luminance®!. Luminance is a measurable phys-
ical concept, while the perceived brightness is af-
fected not only by the light source itself, but also by
the viewing environment and the psychological
factors of the viewer. Helmholtz defines color pur-
ity (%P) which can be expressed in the following

equation:
%P =100%Xx(S —N)/(DW-N) , (D

where N is the location of the white reference point,
S'is the color point being evaluated, and DWW is the do-
minant wavelength. For different colors with the sa-
me dominant wavelength, the brightness/luminance
ratio (B/L ratio) increases with an increase in color
purity %P!"®. The H-K effect reveals the relation-
ship between brightness and chroma, and was theor-
etically described by Dowling and Nayatani et al..
2.1 Kaiser model

In 1986, Kaiser summarized the experimental

si72I and proposed the Kaiser model®. In the

result
Kaiser model, two terms have influence on bright-
ness: a color component (F) and the luminance com-

ponent log (Y). The equations are as follows:

L =log(Y)+F 2)

F =0.256—-0.184y —2.527 xy+
4.65x°y +4.65Txy* (3

where L™ is the perceived brightness, x, y are the
CIE 1931 color coordinates. When the perceived
brightness of the two screens is the same, the RB ra-
tio of the physical brightnesses can be expressed as

equations (4)~(5):

¥ 155
10g(Y1)+F1 =10g(Y2)+F2 N (4)
RB=Y,/Y,=(10"/107) (5

where Y,/Y; is the measured value, 1071 /10" is the
theoretically calculated value. RB represents the lu-
minance ratio of the two screens when their per-
ceived brightness are the same. F'; and F, can be cal-
culated by the color coordinates. Y; and Y, represent
the luminance of the two screens when their bright-
ness is the same.
2.2 Nayatani model

The Kaiser model describes the relationship
between perceived brightness and color purity
without considering the influence of the environ-
ment. Nayatani proposed a mathematical model to
calculate the H-K effect in 1991 and further im-
proved it in 1997. Nayatani showed that the model
should not only consider the light itself, but also
consider the influence of the environment®'?%, The
H-K effect was described by using equation (6):
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(6)
where L is the luminance of the test chromatic light,
and L is the equivalent luminance of the reference
white light.

q(6) =—0.01585-0.030 17 cos 8-

0.045 56¢c0s26 —0.026 67 cos 36—

0.002 95co0s46+0.145 92sin 6+
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V=,
6 = arctan—— (8)
w—u,

where v and «’ are the CIE 1976 v’ and &’ chromati-
city transformed form chromaticity (x, y) of the test
chromatic light, and v/ and u/ are the v" and u’ chro-

maticity of the reference white light.

6.469 +6.362L2443

6.469 + L0495 ,

K = 0.271 7%

where L, is adapting luminance of the environment.
Kg, is a coefficient for specifying the adapting-lu-

minance dependency of the H-K effect.
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S () = 13[( —u. Y +(v=v.) ", (10D

In equation (10), s,, is the metric saturation of
test chromatic light with x, y. The Nayatani model
considers the luminances of both the light source
and the environment. The yysc can be regarded as
the B/L ratio. The viewer ’s brightness perception
experiment is carried out according to the above two
models, and the calculation results were discussed
with a comparison of that against the experimental

results.

3 Experimental section

In our work, a TCL 55F8 (YAG TV) and a
TCL 55C715 (QLED TV) were selected for testing.
For simulating normal indoor lighting conditions,
we created a lighting environment of around 150 1x
in a darkroom. Twelve viewers were invited for the
test, of which 8 were men and 4 were women of
ages 20—35 years. The visual acuity (or corrected
visual acuity) of all volunteers was greater than 1.0,
with no color blindness or color weakness. The spe-
cific experimental environment referred to GY/T134
"The method of the subjective assessment of the
quality of digital television picture"??, as shown in
Table 1.

Tab.1 Key parameters of test environment

®1 WAFRSH

Experimental environment Parameters

Viewing distance 2m

Viewer position Horizontal midline

Iluminance 105~156 1x
Ambient light
Color temperature 5500 K
Source channel HDMI
Luminance 200~500 nit

3.1 Solid color experiment

Figure 1(a) shows the schematic diagram of the
solid color experiment. The QLED TV and YAG
TV were placed in the same horizontal plane and the

viewing angle is kept the same for both of the TVs.

Three colors R, G, B were emitted through the same
HDMI source. The luminance of the QLED TV was
adjusted by the viewers to match the perceived
brightness of the YAG TV. Based on the measured
luminance of the QLED TV and the YAG TV, the
perceived brightness QD/Y AG ratio was calculated.

Viewer
Fig. 1 (a)Schematic diagram for the solid color experi-

ment; (b) schematic diagram for the multicolor ex-

periment
K1 (a) a5 iiizn B (b) R @S Rirn B

3.2 Multicolor experiments

We selected two groups of pictures for the test.
Group I contained colorful pictures with red flowers
and green leaves. Group Il had plain pictures with a
field and a portrait.

To avoid variation in the chip, we used a modi-
fied TV to display different color gamuts as shown
in Figure 1(b). The edge-lit TV used separated light
guide plate and the optics film from the middle to
realize different color gamut on the left and right.
The luminance on the left and right side can be ad-
justed by controlling DC sources. For the same
viewers, the luminance of the YAG TV was adjus-
ted to get the same perceived brightness on both the
QLED TV and YAG TV.

3.3 Subjective preference experiment

Twenty observers were invited for a subjective
preference experiment with 10 test pictures that are
symmetric or nearly symmetric. The experiment
was carried out under 200 nit, 270 nit and 350 nit
perceived brightnesses (the measured luminance

was different).

4 Results and discussion

4.1 Results and discussion of solid color experi-
ment

Figure 2(a) (color online) shows the emission
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spectra of the QLED and YAG-LED TVs. The yel-
low and blue lines represent the white spectrum of
the QLED and YAG TVs. The Full Width at Half-
Maximum (FWHM) of the QLED TV is about 27
nm for green emission and 26 nm for red emission,
which is much narrower than that of the YAG TV.
Figure 2(b) (color online) shows the color gamut of
QLED TV and YAG TV, indicating that the color
gamut of the QLED TV is higher. The white color
coordinates of the QLED TV and the YAG TV are

consistent.
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Fig. 2 (a)White light spectrum and (b) color gamut
of QLED TV and YAG-LED TV
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Figure 3 (color online) shows the measured and
calculated brightness ratio (QD/YAG) under differ-
ent luminances. The dots represent the measured
values, the black dotted lines represent the average
measured values, the green and blue dotted lines
represent the theoretical values calculated accord-
ing to the Kaiser model and the Nayatani model re-

spectively. The smaller QD/YAG ratio represents

the more significant H-K effect. Since the blue light
of both the QLED and YAG TVs generated by the
GaN chip, the blue light perception only shows a
slight difference. In this work, we focus on the H-K
effect of red light and green light. It can be seen that
the measured average values of red and green are
0.75+0.04 and 0.86+0.04, indicating that the H-K
effect of a QLED TV is very significant, in particu-
lar for red. By comparing the calculated values
based on the Kaiser model and the Nayatani model,
the Nayatani model of red is consistent with the
measured values, while the Kaiser model in green is
consistent with the measured values.The measured
values were different from the theoretical values,
which may be explained by the differences of indi-
vidual viewers as well as the test environment. The
perceptual differences may be due to the color per-

ception ability differences of different people*!.

S
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|

I

® Measured values
— — Average value of measured value
= = Kaiser model = = Nayatani model

Fig.3 Comparison of theoretical calculation results and
measured values of brightness ratio (QD/YAG) in

solid color experiment
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4.2 Results and discussion of multicolor experi-

ments

To study the H-K effect of QLED TV, two
groups of test pictures were applied for further com-
parison. Group I consists of colorful pictures with
red flowers and green leaves. Group II has plain pic-
tures with fields and portraits.

Figure 4 (color online) shows the QD/YAG of

colorful and plain pictures under different lumin-
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ances. The red and green dashed lines represent the
QD/YAG of red flowers and green leaves, the
purple and yellow dashed lines represent the
QD/YAG of portrait and field. The results show that
the H-K effect becomes weaker and flattens in the
range of 200 nit to 500 nit for colorful images. The
H-K effect of colorful images is more pronounced
than that of plain images, and the smallest QD/YAG
of red images can reach 0.74. For plain pictures,
QLED TV and YAG TV have the same color per-
formance. These results indicate that the display of
colorful pictures in a QLED TV creates more acute

perception for brightness.
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Fig. 4 The curves of QD/YAG of different pictures in
multicolor experiment
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4.3 Subjective preference experiment

We further carried out the subjective prefer-
ence experiment. Figure 5 (color online) shows the
results of viewers' preference ratio for the QLED
TV and the YAG TV under the same perceived
brightness. The experimental results show that, un-
der the same perceived brightness, the QLED TV is
generally preferred. The proportions of subjects who
preferred QLED TV at 200 nit, 270 nit and
350 nit are 54.3%, 55.0% and 58.0%, respectively.
Even though the perceived brightness of the QLED
TV and the YAG TV were kept the same, the view-
ers still preferred the QLED TV. The QLED TV had
a great advantage in red and green pictures. As
many as 73.8% of subjects preferred the QLED TV
when its luminance was 350 nit, while YAG TV had

an advantage in blue and yellow pictures. As lumin-

ance increased, the preference for the QLED TV
grew. In addition, the preference results were not af-
fected by the genders of the subjects.
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Fig. 5 Preferential ratio under the same perceived

brightness
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5 Conclusion

In conclusion, we investigated the H-K effect
of a QLED TV through a comparative study
between QLED backlights and YAG-LED back-
lights. The results of the solid color experiment
were analyzed by considering the Kaiser model and
the Nayatani model. The influence of color gamut
on perceived brightness and subjective preference
was discussed based on the experimental results of
multicolor tests. The results indicated that the
QLED TV exhibits significant H-K effect, and the
perceived brightness was significantly higher than
that for the YAG TV. Under the same perceived
brightness, the average measured brightness ratio
QD/YAG for red and green were 0.75+0.05 and
0.86+0.04. The minimum brightness ratio QD/YAG
of colorful pictures was 0.74. Under the same per-
ceived brightness, the QLED TV with a higher col-
or gamut was more popular, and that preference

grows strong as the brightness increases. Under the
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same perceived brightness, the QLED TV is not
only less luminant, but also more popular with
viewers. This conclusion is of significant import-
ance for developing healthier LCD screens.

In addition, it is worth noting that China's LCD

industry has become the world's largest, accounting
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for 70% of the world's LCD output in 2020.
Quantum dots backlight technology is the core tech-
nology of the extended LCD industry®"). This
study provides a theoretical basis for the populariza-

tion of quantum dots technology.
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