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bstract. Display characterization, deriving the relationship be-
ween the digital input values and the corresponding CIEXYZ tri-
timulus values, is necessary to reproduce accurate colors in a color
anagement system. For colorimetric reproduction in a display de-

ice, an inverse characterization process is needed to input RGB
orresponding to the desired tri-stimulus values. However, inverse
isplay characterization using nine channel tone response curves
TRCs) cannot be directly inverted because the CIEXYZ values cor-
esponding to each RGB value are inseparable. Inverse display
haracterization is usually implemented using the three-dimensional
3D)-look-up table (LUT) method, yet this requires a lot of memory
pace and a considerable amount of measurement data, although it
rovides a relatively accurate estimation. Accordingly, this paper
roposes an inverse characterization method based on modeling
hannel-dependent values and a nine-channel inverse process us-

ng the gain-offset-gamma (GOG) model. First, the initially normal-
zed luminance values for each RGB channel are computed using
he inverse matrix. These normalized luminance values are then
sed to compensate the corresponding nine channel TRCs, thereby
odifying the TRCs into input linearized values for the inverse pro-

ess. Thereafter, each of the nine channel digital RGB values is
stimated using the inverse GOG model based on the pre-
etermined parameters from the forward characterization. Finally,

hree digital RGB values are deduced for each RGB channel based
n the ratio of the maximum CIEXYZ values to reduce the interpo-

ation error. Consequently, the proposed method enhances the ac-
uracy of the display characterization and reduces both the com-
lexity and the number of measurement data required. © 2006
ociety for Imaging Science and Technology.

DOI: 10.2352/J.ImagingSci.Technol.�2006�50:2�139��

NTRODUCTION
espite the recent development of various types of display
evice, such as liquid-crystal displays (LCDs) and plasma
isplay panels (PDPs), these devices still reproduce different
olors to the same input signals they are sent. Thus, color
delity remains a key issue for the image quality of display
evices, covering device characterization,1–4 gamut
apping,5,6 and color appearance models.7,8 In general,

amut mapping and color appearance modeling are per-
ormed in a device-independent color space to consider the
haracteristics of the human visual system. Then, these color
ignals have to be converted to a device-dependent color

IS&T Member
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i062-3701/2006/50�2�/139/10/$20.00.
pace, that is, display input values, to reproduce the image
n a display device. However, accurate color reproduction
equires estimating the relationship between the device-
ndependent color space and the device-dependent color
pace, referred to as display characterization. Therefore, this
aper focuses on the device characterization method of dis-
lay to establish the relationship between the signals sent to
device and the colors it produces.

There are essentially two types of display characteriza-
ion method. One uses various data measurements to imple-

ent the device characterization, such as a 3D LUT,9 poly-
omial regression,10 and neural network methods,11 which

mproves the characterization accuracy, yet requires a lot of
easurement data, an extensive memory, and is highly com-

lex. Meanwhile, the other type of method uses a smaller
umber of data measurements to model the relationship be-

ween the device input and the output signals, such as a
imple gamma model,12 GOG model,1,2 GOGO (gain, offset,
amma, offset) model,12 masking model,13 and S-curve
odel.3 Thus, modeling methods are more effective for dis-

lay characterization than large amounts of measurement
ata, as the algorithm can be easily generalized, thereby re-
ucing the complexity. Also, the characterization accuracy is
early imperceptible to the human visual system. The most
ecent modeling method developed for display characteriza-
ion is the alternate model.4 Conventional characterization

ethods for a CRT display only use the luminance values for
ach RGB channel to model the relationship. However, the
undamental assumptions of channel independence and
hannel chromaticity constancy do not apply to LCD and
DP displays. Accordingly, the alternate model uses all the
IEXYZ values for each of the nine RGB channels to en-
ance the characterization accuracy.

However, for practical use with a display, an inverse
haracterization method is also required for the color man-
gement of the display device to provide RGB values corre-
ponding to the desired tri-stimulus values, like CIEXYZ val-
es. The inverse characterization process is essentially a
everse of the forward characterization. Yet, inverse charac-
erization is impossible in the case of the alternate model, as
he CIEXYZ values corresponding to each RGB value are

4
nseparable. Nonetheless, forward characterization using the
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lternate model produces more accurate results than the
onventional characterization methods, then a 3D LUT is
enerally used for the inverse characterization instead of
imple modeling parameters and tone response correction.
ccordingly, this paper proposes an inverse characterization
ethod for the alternate model, involving the modeling of

hannel-dependent values as simple second-order polynomi-
ls and a reverse process based on additional TRCs to sepa-
ate the nine channel TRCs. Experimental results show that
he proposed inverse characterization method for the alter-
ate model does not need additional measurement data, in
ontrast to the three-channel GOG model, and enhances the
ccuracy of the display characterization. The proposed
ethod is also simpler than the 3D-LUT method as regards

he measurement process and complexity.

ORWARD CHARACTERIZATION OF DISPLAY
EVICE
isplay device characterization using just a few data mea-

urements consists of two parts.1–4,10,12 The first step involves
nonlinear transformation, where the normalized digital-to-

nalog converters (DAC) values are transformed into the
RCs of the display device, while the second step is a linear

ransformation, where the normalized luminance values are
ransformed into CIEXYZ values. The conversion from the
isplay RGB values into the corresponding CIEXYZ values is
efined as forward display characterization. In practice, the
olor calibration of a display device permits accurate display
mages where the pixel colors are specified in terms of their
IEXYZ values. Thus, the practical application of display

haracterization requires inverse display characterization,
hich provides a mapping from each desired color in
IEXYZ values to the corresponding display RGB values.
igure 1 shows a block diagram of forward and inverse dis-
lay characterization.4 Figure 1(a) represents forward display
haracterization, where the display signals are converted into
IEXYZ values using three channel TRCs and a 3�3 linear

ransformation matrix. Meanwhile, Fig. 1(b) represents in-
erse display characterization, which consists of the reverse
rocess of forward display characterization. Inverse display
haracterization must be applied to each pixel color for an
ccurate color reproduction in the display device.

The GOG model1,2,12 based on a CRT display is a com-
on display characterization method that uses three channel
RCs. The S-curve model3 is then a mathematical generali-
ation of the GOG model for application to an LCD or LCD
rojector, which has a different electro-optical transfer func-
ion to a CRT display. The masking model,13 which is similar
o the under color removal (UCR) method in printing tech-
ology, was developed to take account of the channel inter-
ction in an LCD. In addition, the alternate GOG model4

sing nine channel TRCs for an LCD, which does not satisfy
he fundamental assumptions of the GOG model,1,2 has
een proposed to enhance the accuracy of device character-

zation.
Although the color characteristics of an LCD device

sually differ from those of a CRT display, the color charac-

eristics of some LCD monitors have recently been fitted f

40
ith the color characteristics of a CRT display, in which case
he characterization result of the GOG model is similar to
hat of the S-curve model. Also, the masking model increases
he complexity, as additional data measurements (cyan, ma-
enta, yellow, gray) are needed for display characterization.
herefore, the present study applies the alternate model4 us-

ng nine channel TRCs based on the GOG model with no
dditional data measurements. In the case of the GOG
odel based on three channel TRCs, when the TRCs for the

isplay RGB values are modeled using only the luminance Y
alues, the TRCs for the X and Z channels are different from
hose for the luminance Y channels. However, the alternate

odel using nine channel TRCs can consider the difference
etween the channel TRCs. A block diagram of the alternate
odel4 for display characterization is shown in Fig. 2. The

stimated nine channel TRCs for the CIEXYZ values for
ach RGB channel in an LCD (Samsung SyncMaster Magic
X171T) are presented in Fig. 3. Figure 3(a) shows the
RCs for the normalized X values, Fig. 3(b) shows the TRCs

or the normalized Y values, and Fig. 3(c) shows the TRCs

igure 1. Block diagram of display characterization �Ref. 4�; �a� forward
isplay characterization, �b� inverse display characterization.
or the normalized Z values for each RGB channel. In the

J. Imaging Sci. Technol. 50�2�/Mar.-Apr. 2006
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lternate display characterization process based on the GOG
odel, nonlinear transformations relating the normalized
AC values to the TRCs of the display device are estimated
sing the gain, offset, and gamma as follows:

Ri = �kg,ri�dr/�2N − 1�� + ko,ri��ri,

if �kg,ri�dr/�2N − 1�� + ko,ri� � 0

= 0 otherwise
, �1�

Gi = �kg,gi�dg/�2N − 1�� + ko,gi��gi,

if �kg,gi�dg/�2N − 1�� + ko,gi� � 0

= 0 otherwise
, �2�

Bi = �kg,bi�db/�2N − 1�� + ko,bi��bi,

if �kg,bi�db/�2N − 1�� + ko,bi� � 0
, �3�

Figure 2. Block diagram of alternate display characterization �Ref. 4�.
= 0 otherwise m

. Imaging Sci. Technol. 50�2�/Mar.-Apr. 2006
here dj�j= r ,g ,b� are the digital input values for each RGB
hannel, N is the number of bits, 2N −1 is the maximum
igital input value, and Ri, Gi, and Bi are normalized i �i
X ,Y ,Z� values from 0 to 1 for the red, green, and blue

hannel, respectively. To estimate the optimal gain, offset,
nd gamma parameters, kgji, koji, and �ji (j= r ,g ,b, and i
X ,Y ,Z), respectively, 32 patches are created with equally

paced digital values, then the CIEXYZ values for each patch
re measured. After modeling the TRCs, the estimated Ri,

i, and Bi values are used to estimate the CIEXYZ values,

X = �Xr,max Xg,max Xb,max��RX

GX

BX
� , �4�

Y = �Yr,max Yg,max Yb,max��RY

GY

BY
� , �5�

X = �Zr,max Zg,max Zb,max��RZ

GZ

BZ
� , �6�

here the Xj,max, Yj,max, and Zj,max�j= r ,g ,b� values are the
aximum CIEXYZ values for each red, green, and blue

hannel.
Table I shows the results of the forward display charac-

erization. 216 patches(6�6�6 RGB cube) were tested to
ompare the average and maximum CIELAB color difference
or an LCD (Samsung SyncMaster Magic CX171T). The re-
ults showed that using the alternate model as the display
haracterization method produced the smallest color differ-
nce, except for the 3D LUT method based on a tetrahedral
nterpolation. However, the polynomial regression using 21
oefficients and 3D LUT method using 216 sample data re-
uired a lot of data measurements to derive an unperceivable
olor difference, thereby increasing the complexity. Also, the
olor difference results when using the S-curve model and
hree-channel GOG model were similar to each other, indi-
ating that the S-curve model is not always effective for an
CD, since some manufacturers transform the S-curve char-
cteristic into the gamma characteristic on an integrated cir-
uit (IC).13 Therefore the alternate display characterization
ethod based on the GOG model was shown to be effective,

specially considering the accuracy of the display character-
zation and complexity. However, even though the display
haracterization result for the alternate model was good, the
lternate model cannot be directly inverted to obtain an in-
erse model, as the CIEXYZ values corresponding to each of
he normalized luminance values are inseparable. The initial
uminance values cannot be directly used for each of the
ine channel TRCs, as the nine channel TRCs are different

rom each other. Accordingly, an inverse characterization

ethod based on nine channel TRCs is proposed to reduce
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he characterization complexity and enhance the character-
zation accuracy.

NVERSE DISPLAY CHARACTERIZATION OF
LTERNATE MODEL
he inverse process of the alternate model is performed
ased on the GOG model. Figure 4 shows a block diagram
f the inverse model for the alternate display characteriza-

14

Figure 3. Alternate display characterization for LC
TRCs for normalized X values, �b� TRCs for normali

Table I. Result of forward cha

Polynomial
Regression

�3�21 matrix� 3D LUT
Th
G

Eavg Emax Eavg Emax Eavg

4.02 20.68 1.08 4.28 5.63
ion. First, tri-stimulus values for the black-level emission

42
re subtracted from the input CIEXYZ values to correct the
lack-level offset values of the display device. Three initially
ormalized luminance values are computed for each RGB
hannel using the inverse matrix of Eqs. (4)–(6). The inverse
atrix is the combined form of Eqs. (4)–(6), which is gen-

rally used in the three channel display characterization
ethod. The inverse matrix is composed of the maximum
IEXYZ values. Then, each of the initially-normalized lumi-

tor �SAMSUNG SyncMaster Magic CX171T�: �a�
values, and �c� TRCs for normalized Z values.

ion methods for LCD monitor.

el
l

Three channel
S-curve model

Alternate GOG
model

Emax Eavg Emax Eavg Emax

9.50 5.54 18.95 3.07 12.61
D moni
racterizat

ree chann
OG mode

1
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ance values is compensated according to the corresponding
ine channel TRCs, thereby modifying the TRCs to input

inearized values in the inverse process. The digital RGB val-
es for the nine channel TRCs are estimated using the in-
erse GOG model, and the final three digital RGB values are
etermined using the ratio of the maximum CIEXYZ values

or each RGB channel. Since the red channel is highly cor-
elated to the X channel, rather than the Y and Z channel,
he green channel is correlated to the Y channel, and the
lue channel is correlated to the Z channel, the ratio of the
aximum CIEXYZ values is used as a weighting factor to

educe the interpolation error.

Figure 4. Block diagram of inverse m
. Imaging Sci. Technol. 50�2�/Mar.-Apr. 2006
STIMATING BLACK-LEVEL TRI-STIMULUS VALUES
he black-level is commonly used in computer-controlled
isplays to convert the light emission in an image into digital
alues of zero. Since the chromaticity values of a primary
olor are concentrated to a point for a linear transformation,
n appropriate black-level emission measurement can im-
rove the characterization accuracy. Yet, many measuring in-
truments have a low sensitivity as regards measuring the
lack-level emission. As such, black-level tri-stimulus values
re estimated from minimizing the objective function,14

hich is formed based on the variance of each chromaticity
alue. Figure 5 presents the chromaticity values for each

r alternate display characterization.
143
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GB channel, where Fig. 5(a) shows the chromaticity values
or each RGB channel varying in digital value between 0 and
55 and Fig. 5(b) shows the chromaticity values for each
GB channel after subtracting the estimated black-level
mission.

NVERSE MATRIX OF TRI-STIMULUS VALUES
he inverse matrix is determined based on the forward char-
cterization matrix and composed of the maximum CIEXYZ
alues

�R

G

B
� = �Xr,max Xg,max Xb,max

Yr,max Yg,max Yb,max

Zr,max Zg,max Zb,max
�

−1

�X

Y

Z
� . �7�

ODELING OF CHANNEL-DEPENDENT VALUES
he GOG characterization method assumes that each chan-
el only generates one kind of scalar.1,2 In other words, the
easurement data for the red channel should only generate
values and it is assumed that G and B are not generated.

his assumption is based on channel independence. There-
ore, the assumption can be investigated by calculating all
he scalars produced by each RGB channel. Figure 6 shows
he resulting channel-dependent values according to each
rimary channel, where the ordinate axis presents the nor-
alized luminance values from 0 to 1, while the horizontal

xis presents the input digital values from 0 to 255. The
reen and blue channels exhibited larger changes rather than
he red channel, indicating that these values should be con-
idered in the characterization process to improve the mod-
ling performance.3 All the channel-dependent values for the
rimary RGB are estimated using a second-order polyno-
ial. For example, the non-zero values for the G and B

hannels corresponding to Rprimary are computed as follows:

RG,error = ar,g�Rprimary�2 − ar,g�Rprimary� ,

RB,error = ar,b�Rprimary�2 − ar,b�Rprimary� , �8�

here RG,error and RB,error are the green and blue channel-
ependent values for the primary R channel and a is the
igure 5. Estimating black level tri-stimulus values: �a� Chromaticity val-
es for each RGB channel varying in digital value between 0 and 255
nd �b� chromaticity values for each RGB channel varying in digital val-
es after subtraction of estimated black-level emission.
or each RGB primary channel.

J. Imaging Sci. Technol. 50�2�/Mar.-Apr. 2006
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odeling parameter for the channel-dependent values based
n an optimization method. The channel-dependent values

or the G and B channels are also estimated using the same
quation [Eq. (8)]. Accordingly, the initially normalized lu-
inance values for each RGB channel are denoted by

R = Rprimary − RG,error − RB,error,

G = Gprimary − GR,error − GB,error,

B = Bprimary − BG,error − BR,error. �9�

OMPENSATION FOR THE NINE CHANNEL
RCs
fter subtracting the channel-dependent values, the initially
ormalized luminance values �R ,G ,B� have to be separated

nto the nine channel TRCs. In this case, the input R ,G ,B
alues cannot be directly inverted to acquire the

X ,GX ,BX ,RY ,GY ,BY ,RZ ,GZ ,BZ values. Thus, the proposed
ethod uses additional TRCs based on dr ,dg ,db, along with

he initially normalized luminance values. The additional
RCs are estimated by

R = �dr�2N − 1���rT, if �dr�2N − 1�� � 0

=0, otherwise
, �10�

G = �dg�2N − 1���gT, if �dg�2N − 1�� � 0

=0, otherwise
, �11�

B = �db�2N − 1���bT, if �db�2N − 1�� � 0

=0, otherwise
, �12�

here �jT
�j= r ,g ,b� are the gamma values for the R ,G ,B

hannels. To reduce the complexity, only the gamma values
re used to estimate the TRCs.

As the shape of the estimated additional TRCs is differ-
nt from that of the nine channel TRCs, the additional TRCs
ave to be modified according to the nine channel TRCs,
hich were pre-determined in the forward display character-

zation. Figure 7 shows a graphical representation of the
RC modification in the case of the R channel. The same
ethod is also applied to the G and B channels. If it is

ssumed that the gain and offset values are the same between
R and RX ,RY ,RZ), (G and GX ,GY ,GZ), and (B and

X ,BY ,BZ), each of the nine channel values can be deter-
ined by linearization of the TRCs using only the gamma

alues:

Ri = R
�i

�T , �13�

�i
Gi = G�T , �14� c

. Imaging Sci. Technol. 50�2�/Mar.-Apr. 2006
Bi = B
�i

�T , �15�

here i is X ,Y ,Z. As the gain and offset values are small,
sing the same gain and offset values for each of the nine
hannel TRCs does not affect the compensation of the
RCs. Therefore, the input R ,G ,B values are changed to
ach of the nine channel TRCs. Estimating only the addi-
ional TRCs, specifically the gamma values, means that the

X ,GX ,BX ,RY ,GY ,BY ,RZ ,GZ ,BZ values can be deduced
rom the R ,G ,B values, because the nine channel TRCs have
lready been estimated in the forward display characteriza-
ion process.

NVERSE GOG MODEL
he nine channel digital RGB values are determined using

he inverse GOG model, which corresponds to the TRCs of
he display. The estimated display luminance levels have nine
arameter sets as a result of the forward characterization
ethod and these values are applied to the inverse GOG
odel to acquire the digital RGB values.

dri = ��2n − 1�/kg,ri��R
i

1

�ri − ko,ri�, if 0 � Ri � 1, �16�

dgi = ��2n − 1�/kg,gi��G
i

1

�gi − ko,gi�, if 0 � Gi � 1,

�17�

dbi = ��2n − 1�/kg,bi��B
i

1

�bi − ko,bi�, if 0 � Bi � 1.

�18�

he inverse GOG model is the reverse process of the forward
OG model, so the same gain, offset, and gamma values are
sed, as estimated using Eqs. (1)–(3) in the forward display

igure 7. Graphical representation of TRC modification in case of R
hannel.
haracterization process.

145
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ETERMINING dr , dg , db VALUES BY WEIGHTING
ACTOR
he three DAC values �dr ,dg ,db� are determined using the

atio of the maximum CIEXYZ values for the red, green, and
lue channels. A large maximum CIEXYZ value is insensi-
ive to errors, while a small value is sensitive. The spectrum
or the red channel is highly correlated to the X values, the
reen channel is correlated to the Y values, and the blue
hannel is correlated to the Z values. Thus, the X value is
sed to deduce the dr value, the Y value to deduce the dg

alue, and the Z value to deduce the db value. Therefore, the
atio of the maximum CIEXYZ values is used as a weighting
actor, defined by

�ir
=

ir,max

Xr,max + Yr,max + Zr,max

, �19�

�ig
=

ig,max

Xg,max + Yg,max + Zg,max

, �20�

�ib
=

ib,max

Xb,max + Yb,max + Zb,max

, �21�

here �ir
,�ig

,�ib
�i=X ,Y ,Z� are the weighting factors for

ach RGB channel. Then, to reduce the interpolation error,
he final three digital values for each RGB channel are as
ollows:

dr = 	 dri � �ir
, �22�

dg = 	 dgi � �ig
, �23�

db = 	 dbi � �ib
, �24�

here dji (j= r ,g ,b and i=X ,Y ,Z) are the estimated digital
alues for the nine channel TRCs.
Figure 9. Block diagram comparing

46
XPERIMENTAL RESULTS
he measurements were all performed using a central uni-

orm square patch10 as the DVI signal values in a dark room.
igure 8 shows the measurement environment for the dis-
lay characterization. All 32 patches were created with
qually-spaced digital R, G, and B values. The target display
evice was a SAMSUNG SyncMaster Magic CX171T LCD
nd the measurement instrument to acquire the CIEXYZ
alues was a Minolta CS-1000 spectro-radiometer. To evalu-
te the characterization result effectively, 216 sample patches
ere used. Figure 9 shows a block diagram comparing the

nverse characterization results based on the CIELAB color
ifference. The input CIEXYZ values were inverted into digi-

al RGB values using a polynomial regression, the 3D LUT
ethod based on a tetrahedral interpolation, the three-

hannel inverse GOG model, and the proposed inverse alter-
ate GOG model. The values were then reconverted into
IEXYZ values using the 3D LUT method, which has the

owest color difference among the forward display character-
zation methods. The inverse S-curve model was not simu-
ated in this study, as its results for the forward display char-
cterization of an LCD are nearly the same as those with the
OG model, plus the S-curve model cannot be directly

nverted.3 Table II shows the results of the inverse character-
zation based on the CIELAB color difference. The average

Figure 8. Measurement environment for display characterization.
inverse characterization result.

J. Imaging Sci. Technol. 50�2�/Mar.-Apr. 2006
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olor difference for the proposed inverse characterization
ethod was hardly perceptible and the maximum error was

ower than with any other method, except for the 3D LUT
ethod. Nonetheless, even though the 3D LUT method pro-

uced the smallest color difference, this method requires a
ot of measurement data and is highly complex, in contrast
o the characterization models that use relatively few data

easurements. Table III shows the color difference with the
D LUT method according to number of sampling data
sed, while Table IV shows the color difference when using

he proposed inverse alternate GOG model according to the
umber of sampling data used. The average color difference
ith the proposed inverse method when using 48 sampling
ata (16 data for each RGB channel) was smaller than that
ith the 3D LUT method when using 125 sampling data.
urthermore, the 3D LUT method required about 125 sam-
ling data to produce an appropriate result, yet the proposed

nverse method only needed about 24 sampling data to de-
uce a similar result. While the proposed inverse character-

zation method can be constructed using only 1D LUT for
ach channel, the 3D LUT method based on a tetrahedral
nterpolation increases the complexity, which consists of
nding the nearest tetrahedron from the input data and in-

erpolating it based on the tetrahedron points.9 Therefore,
he proposed inverse characterization method of the alter-
ate GOG model does not need additional measurement
ata, in contrast to the three-channel GOG model, and en-

Table III. Result of color difference accordi

27 sampling data
�3�3�3 RGB cube�

64 sampling data
�4�4�4 RGB cube�

Eavg Emax Eavg Emax

8.91 13.49 5.83 9.09

Table IV. Result of color difference according to number of

24 sampling data
�8 data for each of RGB

channel�

48 sa
�16 data

c

Eavg Emax Eavg

4.38 10.53 3.56

Table II. Result of inverse cha

Polynomial
Regression

�3�21 matrix� 3D LUT

Eavg Emax Eavg Emax

4.91 15.92 1.01 3.19
ances the accuracy of the display characterization.
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ONCLUSION
n inverse characterization method was proposed using the
lternate GOG model based on estimating channel-
ependent values and additional TRCs. Channel-dependent
alues for the primary RGB are estimated and optimized
sing a second-order polynomial function. Additional TRCs

or the initially normalized luminance values are then used
o separate the initially normalized luminance values into
ine channel TRCs. Thereafter, the nine channel digital RGB
alues are estimated using the inverse GOG model based on
he pre-determined parameters from the forward character-
zation process. In addition, to reduce the interpolation er-
or, the ratio of the maximum CIEXYZ values is applied as a
eighting factor to determine the digital RGB values. In ex-
eriments, the average and maximum color differences when
sing the proposed inverse characterization method were
maller than those with the three-channel inverse GOG

odel and polynomial regression method. While the 3D
UT method needs a lot of measurement data for accuracy,
he proposed inverse characterization method requires less

easurement data, making it simpler than the 3D-LUT
ethod as regards the measurement process and complexity.
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