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Abstract

Observer metamerism, or observer metameric failure, has emerged
as a significant challenge for wide color gamut displays. To address
this issue, multi-primary displays have been proposed as a potential
solution. However, their high manufacturing costs have hindered
their commercialization in consumer products. One notable
example of a successful multi-primary display is white OLED
technology. In this study, we investigated how the white sub-pixel
in the white OLED display affects observer metamerism. The
results showed that observer metamerism decreases as the
proportion of white sub-pixels increases. Additionally, adding white
sub-pixels was particularly effective in improving metameric
failure at narrower display spectra.
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1. Objective and Background

Observer metamerism (OM) is defined as a phenomenon that
occurs when two colors appear to match one observer but not
another. This can happen because individual observers have
different color-matching functions from the CIE standard observer,
and OM could cause color mismatching and be a problem in some
applications which take color accuracy critical [1].

OM has also become important in display industry as the
proliferation of wide color gamut displays. To realize wide color
gamut, the narrowband primary spectra should be used. To achieve
the BT.2020 color gamut, display manufacturers are trying several
approaches, and products using three primary laser light sources are
already commercially available. While the use of these narrowband
spectra has the advantage of increasing the color gamut, they are
susceptible to OM [2].

Accordingly, a wide color gamut display having lower OM is in
demand for color professional use. One of the solutions frequently
suggested is multi-primary display which has more than 3 primary
colors. There have been some multi-primary display products for
other reasons than OM. For example, RGBW, RGBY LCDs etc.
were in the market to offer lower power consumption or higher
luminance [3]. For academic use, some multi-primary displays
were developed to study wide color gamut and OM [4]. This study
indicated that optimizing multi-primary display should be also
considered to reduce observer metameric failure. More primaries
could not always guarantee lower observer metameric failure.

Our previous work showed the similar result as the finding [5]. We
simulated a total of 14,168 virtual display spectra, and calculated
OMI (observer metamerism index) referring to IEC TS 61966-13
method [6] which has been recently published by the IEC based on
the CIE technical reports [7,8]. Our result indicated that the OMI is
also dependent on the peak wavelength of RGB primaries even
though they have the same chromaticity gamut area. Also, it was
confirmed that the OMI increases as the chromaticity gamut area
increases.

Meanwhile, multi-primary displays are not common now in the
market due to the higher manufacturing cost and consumer price,
and it is not expected the technology could be more adopted soon.
However, white OLED (WOLED) having WRGB sub-pixels has
been popular because this technology has advantage in productivity
for large OLED panel like TV or monitor. In this paper, the
WOLED’s white sub-pixel as an additional channel to RGB-
primary will be studied to investigate if the addition could mitigate
observer metameric failure and how much the OM correlates with
the white sub-pixel ratio.

2. Method
Display Spectra

To evaluate the impact on the OM of the additional white sub-pixel,
display spectra and white sub-pixel spectrum are required. We
generated the hypothetical displays using the same red, green, and
blue color coordinates as BT.709, DCI-P3, and BT.2020,
respectively. The hypothetical displays’ spectra have the form of a
Gaussian function as shown in Equation (1) and Figure 1, following
the method in the reference [5]. The parameter u means the peak
wavelength of a primary, while 6 modulates the spectral bandwidth
of the spectrum. Each hypothetical display was assumed to consist
of three primaries, R, G and B, for convenience, and p and ¢ of
each R, G and B spectrum were derived by numerical analysis to
match the target CIE 1976 u'v' coordinates. Since there can be
multiple combinations of ux and o that match the target u"v'
coordinates, calculations were performed over a limited range of
wavelengths.
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Figure 1. Hypothetical displays spectra
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The white sub-pixel’s spectrum was also generated to have a
correlated color temperature of 6500K, as shown in Figure 2. The
white spectrum is based on commercially available WOLED TV
products. The measured white spectrum was modified by 6500K
by adjusting the ratio of red and green wavelength regions.
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Figure 2. Hypothetical white sub-pixel spectrum.

IEC TS 61966-13

IEC TCI100 recently published the 61966-13 Technical
Specification (Measurement method of display colour properties
depending on observers), which describes how to evaluate OM [6].
To evaluate OM, a reference color and a color matching function
data set are required. The Technical Specification uses the Macbeth
W, R, G, B, C, M and Y colors under a D65 light source as
reference colors and a 2-degree field of view color matching
functions (CMFs) calculated using the CIE model [7,8]. Except for
field of view, only age is a variable in the individual CMFs. The
age groups have a total of 12 individual CMFs with ages ranging
from 22 to 77, evenly divided into 5-year intervals.

Figure 3 shows the flowchart of the evaluation method, first
measure the spectrum of the display and conduct color matching
with a reference color using individual CMF. After that, calculate
the XYZ value using CIE 1931 standard observer CMF and
calculate the CIE AExyo value. And repeat these steps for
individual observer and reference color. With this standard, we can
get the mean, standard deviation, maximum, and minimum values
of the AExo color difference by age for each color, as well as the
overall mean, standard deviation, maximum and minimum values
as results.
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Figure 3. Flowchart of the OM evaluation method in the IEC
TS 61966-13
Color matching process

In this study, we used the same IEC TS 61966-13 standard as in
previous study [5,9] to evaluate OM characteristics. During this
process, the spectra of the test display and the individual CMFs are
used to perform color matching between the reference colors and
the test display. Previous studies have shown that achromatic colors
are the most susceptible to OM [5,9,10]. Thus, for this study, only
the Macbeth White pattern was used.

To analyze the influence of white sub-pixels, the test display was
assumed to be a color mixture of the hypothetical display spectra
created in the previous clause, with varying proportions of white
sub-pixels also generated. The color matching of the display with
the added white sub-pixels was performed using the method of
Annex D of IEC TS 61966-13 [6].

Equations (2) and (3) determine the weighting factors of red, green
and blue primaries that result in the same tristimulus value as the
reference color. X, Y and Z values denote tristimulus value of each
primary, additional white and reference color. The w is the
weighting factors of each primary.

ref X white red X green X blue Wred
Vo |=] Tt [*] Ve Yo ot [ W | @
Z ref z white red z green Z blue Wblue
-1 -
Wred X red green X blue X ref X white
Wgreen = Yred Ygreen Yblue ’ Yre - Ywhite (3)
Wblue Z red green Z blue Zref - Z white |
P test (l)

= CI)W(A) + [Wred Wgreen Wblue] . [(I)R (ﬂ.) (I)G(A) CDB (ﬂ.)]T (4)
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The final test spectrum is then determined by Equation (4) using
the derived weighting factors. @y () is the final test spectrum, and
Dw(1), Dr(1), D(7) and Dp(A) are the spectrum of each color.
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Figure 4. Final test spectra of hypothetical displays
(BT.2020) with age 22 individual CMFs

Figure 4 shows the results of the final test spectra with variance of
additional white sub-pixel using BT.2020 hypothetical display and
age 22 individual color matching functions. The test spectrum was
derived by performing color matching while varying the percentage
of white sub-pixel from 0% to 90%. The percentage of white sub-
pixel is the ratio of the luminance of the reference color. As can be
seen in the Figure 4, as the percentage of white increases, the
percentage of red, green and blue decreases. However, above 90%,
the weighting factor becomes negative, which is physically
impossible. Therefore, the final OMI calculations only used white
percentages below 60%. It should be also noted that the XYZ
values of all the hypothetical displays are matched to the same as
that of the reference color of Macbeth white. And the color gamut

of each hypothetical display does not change as adding the amount
of white sub-pixel or luminance of white sub-pixel.

After that, the XYZ values were calculated using CIE 1931
standard observer CMFs and the 4E>gp color difference was also
calculated. And these steps for individual observer and reference
color were repeated. With this simulation, we can get the mean,
standard deviation, maximum, and minimum values of the AE>p
color difference by age for each color, as well as the overall mean,
standard deviation, maximum and minimum values as results.

3. Result and Discussion

The results of calculating the OMI values of final test spectra are
shown in Figure 5 below. The x-axis of the graph is the percentage
of the white sub-pixel. The y-axis is the maximum value and
standard deviation of OMI value over each age group. The colors
in the graph represent the hypothetical displays BT.709, DCI-P3
and BT.2020, respectively.
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Figure 5. OMI values of each hypothetical display
according to the addition of white sub-pixel

As shown in the graph, we can see that OMIs decrease as the
proportion of white sub-pixels increases. In particular, the worse
the observer metameric failure, i.e., the narrower the display
spectrum, it is clearer the observer metameric failure improves
thanks to the additional white sub-pixels. For BT.2020 displays, the
analysis showed a more than 2 times improvement between no
additional white sub-pixels and 60% additional white sub-pixels. In
general, OM is known to be susceptible in achromatic colors [9,10].
Adding white sub-pixels can improve observer metameric failure
in achromatic colors, as confirmed by the results of this study.

This result indicates that adding WOLED’s white spectrum makes
the spectra of the displays broader which enables less sensitive to
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OM. If the white spectrum is not broader than the summation of R,
G and B spectra, there will not be the improvement of OMI by
adding the white sub-pixel. In case of the BT.709 display, the
addition effect was not bigger than other two displays with wider
gamut since the spectrum of the display is already broader
compared to the others.

4. Conclusion

To investigate how much the addition of white sub-pixel to RGB
displays affect the improvement of observer metameric failure, the
white spectrum of the WOLED was added to the spectra of three
hypothetical RGB displays with the chromaticity gamut of BT.709,
DCI-P3 and BT.2020. As the portion of white sub-pixel increases,
the OMI values of the displays decreased, which means the
improvement of observer metameric failure. Also, the BT.2020
display with narrower band showed more outstanding
improvement.

While more primaries could offer wider color gamut than RGB
primary, it looks difficult to see the displays with multi-primary
colors in the consumer market due to the higher price and cost. So,
the WOLED technology which has been successful in the TV and
monitor market could be more practical solution to the observer
metameric failure.
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