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The Luminance Resolution Characteristics of
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In this paper, we analyze the resolution characteristics of multi-primary color (MPC) display systems. We
demonstrate that four-primary (4PC) displays can increase the effective resolution for achromatic images
in the luminance domain by a factor of two as compared to conventional RGB-based displays with MPC-
specialized sub-pixel rendering, which we propose in this paper. Five- and six-primary color (5PC and 6PC)
display system can reproduce denser luminance data than conventional RGB-based display systems and
solve a problem of MPC displays, viz. increase of production costs and decrease of the aperture ratio caused
by increasing the number of sub-pixels in one pixel. This is an essential advantage of MPC display systems,
which is related to the combination of our proposed color filter architecture and image processing: so, we
propose a completely new advantage of MPC display systems in addition to their well-known capabilities of
color reproduction and power-saving.
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1. Introduction

Multi-primary color (MPC) display systems and their
related technologies can be considered as one of the fastest
emerging research areas in recent years"®. Traditionally,
wide color gamut displays have been required for visually
superior image reproduction and/or for accurate color re-
production of existing materials. Visually sufficient images
are commonly needed for entertainment use while the ac-
curate color reproduction is demanded for professional use
such as digital archives, designs, simulations, and medical
systems. MPC display systems, which are well-known for
their wide color gamut, are not only suitable for achieving
wider color gamut but also suitable for achieving a specific
color gamut accurately and efficiently, e.g., the gamut of
nature colors. This is the biggest difference from conven-
tional display devices which simply expand the color gamut
with three primary colors (red, green, and blue: RGB).

Besides their wide and accurate color reproduction,
there are additional advantages of MPC display systems.
One of their well-known strength is their flexibility for col-
or reproduction, so-called color reproduction redundancy.
This characteristic leads to a number of applications for
MPC display systems such as higher luminance reproduc-
tion®, wide viewing-angles '”, high light-use efficiency (i.e.,
low power consumption as consequence) "' and minimi-
zation of color variation caused by the individual charac-
teristics of viewers"?.

In addition to these advantages based on MPC’s color
reproduction redundancy, its potential of high resolution
representation in luminance domain is also well-known.
The sub-pixel rendering approach is usually employed for
increasing effective resolution for both MPC systems and
conventional RGB-based systems; however, there is a se-
vere trade-off to co-reproduce pseudo-colors by sub-pixel
rendering.

In this paper, we introduce an essential advantage of
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MPC display systems in terms of the luminance resolution
characteristics. In Section 2, the characteristic of color re-
production redundancy in MPC systems is briefly reviewed
with application examples. Section 3 deals with one of the
MPC systems, four-primary color (4PC), and describes res-
olution properties. In Section 4, we propose a 4PC-special-
ized sub-pixel rendering for both increasing effective lumi-
nance resolution and moderating pseudo-color display.
Computational simulation and results of three types of
4PC displays such as RGB + Yellow (RGBYe), RGB +
Cyan (RGBCy) and RGB + White (RGBW) are described
in Sections 5 and 6. In addition, we improve this rendering
method to apply to five or more primary color systems. We
compare the luminance resolution characteristics of sever-
al kinds of MPC displays such as RGBRCyYe and RGB-
CyMgYe. For these cases, we check the potential to repro-
duce three effective pixels on each pixel.

Finally, we show that 4PC systems are potentially capa-
ble of representing effective resolution as twice as conven-
tional RGB-based systems and also moderating the prob-
lem of pseudo-colors by applying 4PC-specialized
sub-pixel rendering. Additionally, five-primary color (5PC)
or six-primary color (6PC) systems are capable of repro-
ducing the same luminance resolution as RGB-based dis-
play systems even if MPC display systems have only a half
of pixels in horizontal direction compared with RGB-
based display.

2. Background

Resolution is one of the most important display specifi-
cations for image quality of a display device. However, by

L
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increasing the number of pixels and/or sub-pixels, the pro-
duction cost of a display also increases. 6PC systems espe-
cially have a severe problem related to this kind of disad-
vantage. Typical 6PC (exactly 6 sub-pixels) displays are
constructed as 3PC displays with changing primary colors;
e.g. changing from RGBRGB (two pixels at 3PC) to RGB-
CyMgYe (one pixel at 6PC) "' 1t is because that there
are several advantages such as avoiding the increase of the
production cost and decreasing the aperture ratio of the
display. On the other hand, the numbers of pixels of 6PC
displays becomes half both horizontally and vertically
compared to 3PC displays as shown in Fig. 1.

Sub-pixel rendering has been commonly used to increase
effective resolution without increasing the actual number
of pixels of a display. Fig. 2 illustrates pixel-rendering and
sub-pixel rendering. When sampling a continuous function
Lc (x), let us define the sampling interval as Ax for pix-
el-rendering. It becomes Ax/3 for sub-pixel rendering in

R:G Mg|Cy: B :Ye

Cy: B iYe|R:G Mg

(a) 3PC display (b) 6PC display

Fig. 1 3PC (RGB) display and 6 PC (RGBCyMgYe) display.
Most imaging systems assume displays have square-
shaped pixels. A pixel of 6 PC displays consists of 12
sub-pixels to keep their pixels square, although that of
3PC displays consists of only 3 sub-pixels.
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/LC,(x)

> X

> X > X

[RIG|B[R]G|B]

[RIG|BIR[G]|B]

lA|B[c|D[A[|B[C|D|

(a) 3PC pixel rendering

(b) 3PC sub-pixel rendering
(x3 sampling)

(c) 4PC sub-pixel rendering
(x4 sampling)

Fig. 2 A comparison of pixel rendering and sub-pixel rendering. 4PC systems with sub-pixel rendering are
essentially capable of higher effective luminance resolution due to their denser sampling intervals.
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3PC systems, Ax/4 in 4PC systems, and so on. This means
that MPC systems are essentially capable of higher-resolu-
tion representation than conventional 3PC display systems
because of the possibility of denser sub-pixel sampling .
The most primitive sub-pixel rendering is the decimation
filter (down-sampler). It works well only when an input im-
age is band-limited at the half of the output sampling rate.
Another example of sub-pixel rendering is a series of
box-filters (mean-filters) for anti-aliasing. As one of more
sophisticated sub-pixel renderings, Daly introduced spa-
tio-chromatic visual models to improve perceived horizon-
tal resolution in 3PC 9,

MPC display systems, which consist of RGB and addi-
tional primary color(s), potentially have an advantage of
high-resolution image representation because of the in-
creased number of sub-pixels. A number of results of
sub-pixel architecture and/or sub-pixel rendering in MPC
display systems have been presented ® '™, Den Engelsen
et al. discussed how to achieve cost-effective MPC for four-
and five-primary colors in CRTs and concluded that one of
the proposed 4PC-CRT reproduces relatively high lumi-
nance without lowering perceived sharpness®. In"”, El-
liott et al. firstly presented two types of sub-pixel arrange-
ments for 3PC systems. One aligns sub-pixels in rectilinear
array, and the other arranges sub-pixels in a five-pixel ar-
ray. A sub-pixel rendering is applied as a combination of a
two-dimensional tent filter for red and green sub-pixels and
a box-filter for blue sub-pixels. Their PenTile technology
was extended for MPC systems with RGB and White pri-
maries in "®, and also employed in"?.

Sub-pixel rendering increases effective resolution in lu-
minance domain; however, there is a severe problem in dis-
playing pseudo-colors. Compared to the conventional pix-
el-rendering, the increase of sampling density also
increases the possibility of pseudo-color display. For exam-
ple, in 3PC, it may happen that dense sampling intervals
lead to pseudo-colors in sub-pixel rendering or rough sam-
pling intervals do not display pseudo-colors in pixel ren-
dering. No other choice is left so that big improvement for
luminance resolution by sub-pixel rendering cannot be ex-
pected in 3PC 2", Even for MPC display systems, con-
ventional sub-pixel rendering algorithms lead to pseu-

(14)

do-color display.
3. Resolution Properties In MPC

Let us consider the 4PC case in this section as one of the

o (o]
wp wp
C C

A A
(a) Reproducing white by ABC (b) Reproducing white by CDA

Fig. 3 There are at least two combinations of primaries to
reproduce white in 4PC display systems due to their
color reproduction redundancy.

4 B CDA4B CDABCDABCDMABCD

(a) Reproducing black by ABC and white by CDA

4 B CDA4B CDABCDABCDMABCD

(b) Reproducing white by ABC and black by CDA

Fig. 4 4PC display systems are enable to reproduce two
different luminance data onto one pixel without the
issue of pseudo-colors.

examples of MPC systems. As shown in Fig. 3, there are
at least two combinations of primary colors for reproduc-
ing white. This means that two different luminance repro-
ductions are possible at the different parts in one pixel as
seen in Fig. 4. This can be formulated as follows.

The tristimulus values (X, ¥, Z) of an expected color can
be written as

X X, Xz Xo X, a

y |-y, v, v. v, || M
(6

Z ZA ZB ZC ZD d

where (A, B, C, D) are the indices of primary colors, (X (4
scob Y sy Z s c o) are the tristimulus values of each
primary, and (a, b, ¢, d) are the digital code values of each
sub-pixel. When a=b=c=d=v,,, where v, is the maximum
digital code value, the output tristimulus values represent
white point at (Xy, Yy, Zy). Here, we assume that the
white-balance correction is already applied in this system.
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When reproducing white, for example, two sets of the
digital code values for each sub-pixel are calculated as

X, X, X. X, Z‘ X, X, X. X, Zz X, /2

DA A A C' SR AR AR AR A Cl =| ¥,/2

7, 7, 7, I, d‘ 7, 7, 1, I, d2 Z,12
| 2

@

where (ay, by, ¢, dy) and (a,, b,, ¢5, d,) are the sets of digi-
tal code values for two different luminance reproductions.
Due to the property of color reproduction redundancy in
MPC, the digital code values of each sub-pixel are mathe-
matically underspecified. If each reproduction employs
three of four primaries (see Fig. 3 as an example), they
can be specified as

- -1

a, X, X, X, || x,/2
b |=| v, v, Y. Y, /2 3)
¢ Z, Z, Z. || 2,12
and
[ a, X, x. x, [ x,/2
o, |-l v, v. v, Y, /2 (4)
d, zZ, Z. Z, || z,/2

However, it is highly unlikely to be (a; + ay, by, ¢; + ¢, d>)
= (Vmax Vmao Vmaw Vmax) DUt one or more of the elements may
exceed vy, To correctly keep the maximum luminance re-
production, the digital code values need to be optimized by
a simple normalization step such as

a a,/(a, +a,) - a, a,/(a, +a,) -

b b /(b +b,) b, b, /(b +b,)

¢ i ¢ /(c +c,) P ¢ i ¢, /(e +c,) e
d d 1(d +d,) d, d,/(d +d,)

(5)

where (aj, by, c1, di) and (a3, by, ¢3, d3) are optimized digi-
tal code values. In this case, b; and d; are always vy, and d;
and b; are always 0, respectively. Another optimization
method, which is to keep the minimum pseudo-color dis-
play, is achieved by the following normalization step:

al’- -al/M- -aé -az/M-

bl - b]/M 'vay b2 - b2/M .vax (6)
¢ o/M | ™| d /M | "

d || d/m d | | d/m

where M = max (a; + a, by + by, ¢| + ¢, d; + d). In this
case, d; and b, are always 0, respectively. An ideal solution
is to optimize color coordinates of primary colors. It is
easier for LCDs to design tristimulus values of primary
colors to be (a; + ay, by, ¢1 + ¢ d3) = (Vimaw Vinax Vimaw Vmax)
compared to PDPs. This optimization allows both maxi-
mum luminance reproduction and minimum pseudo-color
display. In addition, alignment of primary colors is import-
ant for this optimization. To achieve two luminance repro-
ductions shown in Fig. 3, primaries B and D have rela-
tively high luminance as compared to primaries A and C.
Because of using additional primary(ies) such as yellow
and cyan, digital code values of effective pixels are asym-
metric (on the other hand, effective pixels of RGBG 4PC
display are symmetric). It means that this primary design is
significantly important for our method.

Let us name the digital code values of effective sub-pix-
els as (a,L,, b\L,, ¢,L,, 0) and (a,L,, 0, ¢,L,, d,L,) after opti-
mization. The output tristimulus values (X,, ¥}, Z;) and (X,,

Y,, Z,) by them are computed as

Xl XA XB Xc XD Zlil

Yl = YA YB Yc YD ILI (7)

Zl ZA ZB Zc ZD 6’101

and

Xz XA XB Xc XD 6120L2

Y, |=| Y, Y, Y. Y, e L 8)
2Ly

Zz ZA ZB Zc ZD d.L
2

Note that the effective pixel produced by the primaries C,
D, and A consists of the sub-pixels in different pixels (see
Fig. 4). Finally, the digital code (a, b, ¢, d) for two lumi-
nance reproduction are calculated as
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. the sub-pixel rendering which increases the sampling densi-

a a,L, a,L, ty. We propose an MPC-specialized sub-pixel rendering as

b _ bL, N 0 © shown in Fig. 5 (c). In this algorithm, the sampling inter-

c ¢,L, c,L, val is the half of the pixel-rendering because of the two

d 0 d,L, different luminance reproductions on one pixel based on

. Equations (7) and (8). This indicates that MPC-specialized

where Ly, L; and L, are luminance sampled continuously. sub-pixel rendering can provide the interval choices which

This equation shows how one pixel can represent two dif- exist neither in 3PC pixel rendering nor in sub-pixel ren-

ferent luminance values for an average luminance. This dering approaches. This advantage may balance increasing

leads to a luminance reproduction that is two time larger the density of sampling intervals and moderating pseu-

than the number of actual pixels when displaying achro- do-color display. Fig. 5 (b) shows another case of MPC

matic images. Additionally, this concept can be applied to sub-pixel rendering when its sampling interval is half of
not only 4PC systems but also other MPC systems. In the that in pixel rendering.

next section, we present how to balance increasing effective This method can be applied not only to 4PC displays but

resolution and moderating pseudo-colors by MPC sub-pix- also to other MPC systems which have five or more prima-

el rendering. ry colors. Fig. 6 shows our sub-pixel rendering for 6PC

display systems compared to 3PC (RGB) pixel rendering.

4. Sub-Pixel Rendering For MPC Typical 6PC systems need six sub-pixels along horizontal

Display System direction as shown in Fig. 6 (b). The sampling interval of

6PC systems is twice and resolution is halved compared
Fig. 5 shows our sub-pixel rendering for 4PC display with traditional 3PC systems shown in Fig. 6 (a). On the

systems. Fig. 5 (a) represents the case of pixel-rendering other hand, sub-pixel rendering can divide one pixel into

which moderates pseudo-color display, and Fig. 5 (d) is two effective pixels in the horizontal direction. In the case

L(x)

L(x) L(x) L(x)
/7\ / i e

Ax Ax/2 Ax/2
. > X = A > X (_) y ;f_x X
(alB]C|D|A|B[C|D]| [alB]cIp]AlB]C]D] AlBlc] |alB][c] [a (AlB]c|D[A[B[C[D]
Al [C]D]A C|D|A
(a) Pixel rendering in 4PC (b) Sub-pixel rendering (c) 4PC-specialized sub-pixel (d) Sub-pixel rendering (x4
(x2 sampling) in 4PC rendering (x2 sampling) sampling) in 4PC

Fig. 5 Pixel and sub-pixel renderings on 4PC display systems.

Lx) /q

24x
X X X
IS > N\ — A~ A S
[RlG]BlR]GlB[RIG[BIR]GIB] I"I“l‘:lulj‘-]*']’\lﬁlc]“lhl*| A H[l;' D A B]:;' D [A][a]e]cC E|F|A ClD]E [ ]
[ 4] ple|F]a plE|Flaf[a] [c]ole] [als]c]| |ElF]a
(a) 3PC pixel rendering (b) 6PC pixel rendering (c) 6PC-specialized sub-pixel (d) 6PC-specialized sub-pixel
(x1 sampling) (x1/2 sampling) rendering (x1 sampling) rendering (x3/2 sampling)

Fig. 6 Pixel and 6 PC-specialized sub-pixel renderings on 6 PC display systems.
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shown in Fig. 6 (c), effective pixels are composed of
sub-pixels ABCD and DEFG, respectively. This means that
the luminance resolution of 6PC-based display systems
with specialized sub-pixel rendering is the same as that of
3PC systems. Moreover, three luminance values can be re-
produced on one pixel. In the case shown in Fig. 6 (d), ef-
fective pixels are composed of sub-pixels ABC, CDE and
EFA, respectively. Horizontal luminance resolution of
6PC-based display systems is higher than that of tradition-
al RGB-based display systems with reduced pseudo-color
display.

5. Computational Simulation

In this section, we describe the simulations for both pixel
rendering and sub-pixel rendering approaches on RGB-
based and MPC displays. There are various patterns of
primary color combinations for MPC display systems. For
our simulation, three types of the 4PC systems (RGBYe,
RGBCy and RGBW), one type of SPC system (RG-
BRCyYe), and one type of 6PC system (RGBCyMgYe),
are chosen as examples of MPC systems. An additional
colored sub-pixel is employed to widen the color gamut
(e.g., RGBYe) while a white sub-pixel is commonly intro-
duced to increase luminance reproduction. Here, we as-
sume that these two systems are linearly related in order to
simplify the conditions in our simulation, as same as in the

reference 7.

5.1 RGBYe and RGBCy

A continuous function, the circular zone plate (CZP), is
used as an input signal. Since CZP consists of only lumi-
nance information, it can be the ideal input signal for sam-
pling simulations. YUV is employed for the output of lu-
minance and chromaticity signals in our simulation so that
aliasing and pseudo-colors are calculated based on YUV.
First, the luminance data of an input signal are sampled
and applied onto each sub-pixel. Then, YUV values are
computed on each sub-pixel. In this simulation, the conver-
sions from RGB, RGBYe and RGBCy to YUV are pro-
cessed as

Y 0.2126  0.7152 0.0722 R

U |=| -0.1146 -0.3854 0.5000 G

Vv 0.5000 -0.4542 -0.0458 B
(10)

Y 02126 03081 00722 04071 R
U |=| -0.1146 -0.1391 0.5000 -0.2463 G
V 0.5000 -0.3544 -0.0458 -0.0998 f
e
(11)
and
R
Y 02551 03576 00505 0.3367 G
U |=| -0.1375 -0.1927 0.3500 -0.0198 B
Vv 0.6000 -0.2271 -0.0321 -0.3408 c
Y
(12)

Note that the 3-by-3 matrix in Equation (10) is defined in
BT. 709 “*?. Equations (11) and (12) come from an assumed
set of color coordinates of RGBYe and RGBCy primaries
defined as a linear combination of RGB in Equation (10).
The sets of RGBYe and RGBCy coordinates are derived
from

9T
R T
G“ R, 1 -r, 0 r,
B4 = G3 0 l_gYe 0 gYe (13)
4
B 0 b 1 b
Ye4 3 Ye Ye
and
1T
R Tl _
G4 R, ey 0 0 7
B“ -| G, 0 g, 0 g, | (19
4 —
cy, B, 0 0 b, b,

where {Rj, G;, B}, {Ry, Gy, By, Ye,} and {R,, Gy, By, Cy,}
are the sets of 3x1 YUYV color vectors for RGB primaries
in Equation (10), RGBYe primaries in Equation (11) and
RGBCy primaries in Equation (12), respectively, and (ry,,
8y by.) and (r¢y, 8¢y, bey) are the combination parameters
(set as (ry» &r» br) = (0.25, 0.50, —0.05) in Equation (13)
and (r¢y, &cy» bey) = (—0.20, 0.50, 0.30) in Equation (14), re-
spectively) and (Fc,, gcys bey) = (1=r¢y, 1=gcy, 1=b¢,). Be-
cause of the reason described in Section 3, optimizing
YUYV values of primary colors is necessary for the best
performance of our method. In this simulation, YUV val-
ues of primary colors are ideally optimized by using these
equations and their parameters.
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5.2 RGBW

Since the white primary only consists of luminance in-
formation, YUYV values of white can be formulated as Y =
wYy and U=V=0 where Yy, is the part of tristimulus value
(i.e., Y of XYZ) and w is the digital code value of the white
primary. The relationship between all primaries in RGBW
can be given as Y; + Y; + Yy + Yy, = 1. According to these
rules, the conversion from RGBW to YUYV is presented as

v ] | 021267, 071527, 00722, Y, || R
U l-| -01146 03854 05000 0| ©
v 05000 04542 -00458 0 11;

(15)

where Yy, = 1— Yy. In this simulation, we examine three
types of RGBW display where Yy, = 0.25, Y,y = 0.50 and Yy,
= 0.75. Note that effective pixels of RGBW system depend
on Yy as shown in Fig. 7 (b) (c) (d) and they are definitely
different from those of other 4PC systems to which a chro-
matic primary is added such as the case of RGBYe shown
in Fig. 7 (a). As clearly seen in the figure, Yy, = 0.5 is man-
datory for MPC-specialized sub-pixel rendering. When Yy,
= 0.5, the effective pixel introduces its luminance distribu-

5.3 RGBRCyYe and RGBCyMgYe

In this simulation, both SPC and 6PC systems have six
sub-pixels in each pixel. Note that a pixel of SPC system
consists of one sub-pixel for each G, B, Cy and Ye and two
for R. The conversion from RGBW to YUYV is presented as

R
Y 00744 02146 00469 00744 02009 0.3888 6
U [=| 00401 -0.1156 03250 -0.0401 0.1073 -0.2365 b
V 01750 -0.1363 00298 0.1750 -0.2546 0.0706 CR;
Ye
(16)
and
R
G
Y 00850 02503 00397 02077 00603 03569 B
U |=| -00458 -0.1349 02750 -0.0042 0.1292 -0.2193 Gy
v 02000 -0.1590 -0.0252 -0.1954 0.1840 -0.0044 "
Ye
(17)

The sets of RGBRCyYe and RGBCyMgYe coordinates
are derived from

r
tion in either square or Gaussian shape. However, for both R,
cases of increasing and decreasing Yy, from 0.5, the lumi- G T _ _
herene & v Tom o 5 R, [| /2 0 0 F2 1y
nance distribution becomes asymmetric in shape. This B, 3 Y
leads to decreasing the effect of luminance driven resolu- R =| G, 0 g 0 0 8, &
. . 5 _
tion improvement. Cy B, 0 0 b 0 bCy b,
5
Ye,
' (18)
and
L.(x) L(x) L.(x) L(x)
T e e
ZT e A1 A
Ax/2 Ax/2 Ax/2 Ax/2
> X > X > X > X
i Ve e N i —— ——
R|G|B| [R|G[B| |R rR|G[B| [R][G[B [R|G|B| [R]|G]B [R]G|B|W[R]|G[B|W
R| [B]¥e|R] [B]¥e|R R|G[B[W[R]G[B]W] W] W] W] W

(2) RGBYe (b) RGBW (Yy < 0.5)

(c) RGBW (¥yy = 0.5) (d) RGBW (Y > 0.5)

Fig. 7 A comparison between RGBYe and RGBW systems when applying our MPC-specialized sub-pixel rendering.
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1T
R6
G [
B6 R, o 00 1y n, R
C; =[Gy || 0% 0 g 8 8
6
Mg, B, 0 0 b by by b,
Ye,

(19)

where (75, gs, bs) = (1=re, =1y, 1=86,=8vs 1=be=by.), (7,
86 Bﬁ) = (I=rey=rue=rve> 1=80y=8my=8v» 1 =bcy—by,—by,) and
the combination of the parameters are as follows; (r¢,, gcy
beys Tyes 8ves by) = (—0.20, 0.30, 0.40, 0.50, 0.40, —0.05) in
Equation (18) and (rCy, gCy, bCy, rMg, gMg, bMg, rYe,
gYe, bYe) = (—0.10, 0.30, 0.20, 0.35, —0.05, 0.30, 0.35, 0.40,
—0.05) in Equation (19), respectively.

6. Results

Table 1 summarizes the rendering methods and simu-
lation results. In this table, sampling intervals are shown in
Fig. 2, 5, 6 and 7. Ax is based on pixel interval of
RGB-based system shown in Fig. 2 (a). Pixel intervals of
5PC and 6PC systems are set to 2Ax as shown in Fig.
6 (b) because of the reason discussed in Section 2.

Table 1 Rendering methods for our simulation.

Primary colors Rendering method | Smpl. interval|  Figure
Pixel renderin, Ax 8 b
3PC|RGB ; £ - @ (b)
Sub-pixel rendering 1/3 Ax 8 (c) (d)
1/4 A 8 (e
Sub-pixel rendering x ©®
RGBYe 12 Ax 8(g) (h)
MPC-specialized SPR 172 Ax 8 () ()
4PC|RGBCy MPC-specialized SPR 12 Ax 8 (k) ()
RGBW (Yy=0.25) 9(a) (b)
RGBW (Yy=0.50) | MPC-specialized SPR 1/2 Ax 9(c) (d)
RGBW (¥,,=0.75) 9(e) (D
. Ax 10 (a) (b)
SPC| RGBRCyYe MPC-specialized SPR
2/3 Ax 10 (e) ()
- Ax 10 (¢) (d)
6PC| RGCyMgYe MPC-specialized SPR
2/3 Ax 10 (g) (h)

6.1 RGBYe and RGBCy

Simulated values of luminance (Y) and pseudo-colors
(UV = (U? + V?)") are presented in Fig. 8. The plots rep-
resent the simulated output signals at vertical spatial fre-

quency f, = 0. In the left-side column, the plots show lumi-

NPT e | .
(f) UV: RGBYe sub-pixel rendering (x4 sampling)

,u.mm{ filira

(h) UV: RGB Ye sub-pixel rendering (x2 sampling)

(e) Y: RGBYe sub-pixel rendering (x4 sampling)

2) Y: RGBYe sub-pixel rendering (x2 sampling)

(j) UV: RGBYe 4PC-specialized sub-pixel rendering
(x2 sampling)

(1)Y RGBYe 4PC-specialized sub-pixel rendering
(x2 sampling)

(k) Y: RGBCy 4PC-specialized sub-pixel rendering
(x2 sampling)

(1) UV: RGBCy 4PC-specialized sub-pixel rendering
(x2 sampling)

Fig. 8 Results for CZP input signals by pixel and sub-pixel
renderings on RGB, RGBYe and RGBCy display
systems.

nance (Y) values with the horizontal lines at the center and
3dB decrease from the maximum. In the right-side column,
the plots show chromaticity (UV) values with horizontal
lines at 0, 25, 50, 75, and 100%. The leftmost and right-
most ends of the plots represent f,/f; = 0 and f,/f, = 1, re-
spectively, where f; is horizontal spatial frequency and f; is
sampling frequency of 3PC pixel rendering system shown
in Fig. 2 (a). Fig. 8 (a) (b) and (c) (d) show the results
of pixel rendering and sub-pixel rendering applied to 3PC
systems, respectively. Pixel rendering is not able to repro-
duce high-frequent signals and sub-pixel rendering repro-
duces strong pseudo-colors. The cases of RGBYe systems,
two kinds of sub-pixel rendering also reproduce pseu-
do-colors shown in Fig. 8 (e) (f) and (g) (h) although lu-
minance aliasing are moderated.

Fig. 8 (i) (j) shows the results of our MPC-specialized
sub-pixel rendering applied to RGBYe systems. It is clearly
seen that both aliasing and pseudo-color display are mod-
erated by using MPC-specific sub-pixel rendering. This re-
sult is explained as follows: our MPC-specialized sub-pixel
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rendering is exactly positioned on the most effective point
for luminance resolution improvement regarding the trade-
off between sampling intervals and pseudo-color display.
In addition, RGBCy system has the same potential to
moderate aliasing and pseudo-color display as shown in

Fig. 8 (k) ().

6.2 RGB + White

Fig. 9 compares the results of RGBW for CZP input
signals. In the ideal cases of RGBW in Fig. 9(c) (d), both
aliasing and pseudo-color display are moderated very well.
As described in Section 5.2, Yy, of RGBW is strictly limited
to be 0.5.

The other cases are shown in Fig. 9 (a) (b) and (e) (f),
clearly, strong aliasing occurs in those cases. This indicates
that the improvement by our MPC-specialized sub-pixel
rendering is highly limited for RGBW display system:s.

Mﬁ-‘-ﬂ---- ::: i

(b)UV: RGBW (Y, = 0.25)

0.50)

(¢)Y: RGBW (¥, = (b)UV: RGBW (¥, = 0.50)

(e)Y RGBW (Yy=0.75)

(f)UV: RGBW (Y, = 0.75)

Fig. 9 Results for CZP input signals on RGBW systems.

6.3 RGBRCyYe and RGBCyMgYe

The results of RGBRCyYe and RGBCyMgYe are shown
in Fig. 10. The results with sampling interval of Ax
shown in Fig. 10 (a) (b) and (e) (f) are similar to that of
traditional RGB-based displays with the pixel rendering
shown in Fig. 8 (a) (b). In addition, these displays can re-
produce three luminance resolutions on each pixel shown
in Fig. 10(c)(d) and (g) (h) although the contrast of
rendering results decreases.

As a result, although the number of pixels of RG-
BRCyYe- and RGBCyMgYe-based displays is half as that
of RGB-based displays in the horizontal direction, the res-
olution characteristics of MPC displays with our rendering
method is not inferior to that of RGB-based displays. It
means that MPC displays which have six sub-pixels not

only can reproduce wide color gamut images but also have
the same or higher luminance resolution as RGB-based
displays which have the same sub-pixel interval.
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(@)Y: RGBRCyYe (x1 sampling)
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(b)UV: RGBRCyYe (x1 sampling)
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(c)Y: RGBCyMgYe (x1 sampling)
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(d)UV: RGBCyMgYe (x1 sampling)

BRI R e

(f)UV: RGBRCyYe (x3/2 sampling)
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(h)UV: RGBCyMgYe (x3/2 sampling)

(e) Y: RGBRCyYe (x3/2 sampling)
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(2) Y: RGBCyMgYe (x3/2 sampling)

Fig. 10 Results for CZP input signals on RGBRCyYe and
RGBCyMgYe systems.

7. Conclusions

In this paper, we present that MPC display systems are
essentially capable of reproducing higher luminance reso-
lution compared to the conventional RGB-based display
systems. The color reproduction redundancy of 4PC sys-
tems allows us to reproduce white by using three of four
primary colors. This leads to at least two possibilities of
primary combinations for white reproduction; therefore, it
is possible to reproduce multiple luminance information on
one pixel. As a result, 4PC display systems are capable to
have luminance resolution that is two times larger than
RGB-based systems even when they are designed with the
same pixel resolution.

SPC and 6PC systems are capable of reproducing the
same luminance resolution as RGB-based display systems
even if MPC display systems have only a half of pixels in
horizontal direction compared with RGB-based display. In
addition, five or six primary display systems can reproduce
three luminance values on one pixel. Each MPC system
can reproduce denser luminance data than conventional
RGB-based display systems and solve a problem of MPC
displays, viz. increase of production costs and decrease of
the aperture ratio caused by increasing the number of
sub-pixels in one pixel.
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Sub-pixel rendering commonly produces the issue of
pseudo-color display although it is highly useful to increase
effective luminance resolution. In this paper, we introduce
MPC-specialized sub-pixel rendering both to increase lu-
minance resolution and to moderate pseudo-color display.
Our computational simulation shows that the MPC sys-
tems with RGB and additional chromatic primary (RGBYe
and RGBCy in this paper) are more suitable for our
4PC-specialized sub-pixel rendering than RGBW systems.

This paper only deals with achromatic images and evalu-
ates luminance resolution characteristics. As future work,
we shall apply chromatic images and evaluate the resolu-
tion properties of colorful pictures. We expect that our
MPC-specialized sub-pixel rendering will work well if we
apply appropriate filtering based on the perception model
of the human eye, which indicates that our eyes are more
sensitive to luminance than to colors .
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