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Abstract

The spectral responses of conventional cameras are derived from the ITU-R BT.709 color standard
so that the cameras are able to record the signals that are suitable for the display to reproduce image
color. However the ideal spectral responses derived from the ITU-R BT.709 color standard are not
physically realizable. They are modified so that camera spectral responses can be practically
implemented. The chromaticity calibration of practical cameras is not very accurate because of the large
side lobes of the ideal spectral responses. A method to design a camera that is able to record more
accurate image color is shown. It is found that the amplitudes of side lobes of derived ideal spectral
responses from a wide-color-gamut display with monochromatic primaries can be significantly reduced.
The camera with practical spectral responses modified from ideal spectral responses is chromatically
calibration with GretagMacbeth ColorChecker. The result shows that the chromaticity calibration error
can be reduced accordingly. Although the camera spectral responses are derived from a
wide-color-gamut display, it also can be applied to the displays with less saturated primaries, e.g. ITU-R
BT.709 primaries. Because the derived ideal spectral responses depend on the wavelengths of
monochromatic primaries, we may choose proper primary wavelengths to derive suitable spectral
responses for available dye materials used in the color filters of the cameras with high-color-accuracy
recording capability.

Keyword: camera spectral response, wide-color-gamut camera, wide-color-gamut display



1. Introduction

Digital image plays an important role in this information era owing to the advance of cameras and
displays. Cameras are image input devices and displays are image output devices. Nowadays, both are
popular and penetrate our daily life. Imaging systems based on CCD or CMOS cameras have been
widely used in professional and consumer applications owing to their high resolution, high quantum
efficiency, wide spectral response, acceptable signal-to-noise ratio, linearity, fast response, small size,
durability and low cost [1]. There are color filters in the cameras for capturing color images. Absorption
materials and interference films can be used to implement color filters [2]. Absorption color filters are
durable and low cost but their transmission spectra are limited by available absorption materials. The
transmission spectrum of an interference color filter can be tailored but its cost is high and its
transmittance is low for wideband application. Therefore, absorption color filters are used in
conventional cameras. The spectral responses of a camera are the product of the transmittances of color
filters and the CCD or CMOS spectral response. Theoretically, if the spectral responses of a camera
exactly fit the CIE color matching functionsx, y and Z as are shown in Fig. 1 [2], the tristimulus

values of image color can be accurately measured and recorded by the camera. The output signals of the
camera can be generated according to the tristimulus values and the chromaticity characteristics of a
display, e.g. ITU-R BT.709 color standard [3]. The chromaticity triangle and D65 white point of the
ITU-R BT.709 color standard are shown in Fig. 2. Thus, the image color can be accurately recorded and
reproduced if the image color lies within the color gamut of the display. However, such an ideal camera
IS not yet realized because it is difficult to implement the matched spectral responses. It is noticed that,
from Fig. 1, we can see that four color filters are required for the ideal camera because there is a side
lobe in blue region for the color matching function X . For conventional cameras, three color filters in red,
green, and blue are preferred without sacrificing camera resolution. The other difficulty arises from lack
of proper color filters.
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Figure 1: CIE color matching functionsX, y Figure 2: Chromaticity triangles of the ITU-R BT.709
and 7. standard display and the WCG display with
monochromatic primaries. D65 white point is also shown.

The spectral responses of conventional cameras are derived from the ITU-R BT.709 color standard
as is shown in Fig. 3 and will be explained in the next section [4]. The derivation is designed so that the
camera raw signals (Rq, G4, Bg) can be directly applied to an ITU-R BT.709 standard display for
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Figure 3: Ideal spectral responses of red ( p, ), green( p,) and blue ( p, ) channels derived from the

ITU-R BT.709 standard display. The corresponding hypothetical spectral responses are shown
with dashed lines.

reproducing image color. However, as is shown in Fig. 3, there are negative side lobes for the ideal
spectral responses. Although camera spectral response is non-negative, we can apply a 3x3 matrix to the
camera raw signals for calibration so that the camera output signals (R, G¢, Bc) can be applied to an
ITU-R BT.709 standard display for reproducing image color. We take the red channel as an example to
explain the calibration method. A set of hypothetical spectral responses of positive value is shown in Fig.
3 with dashed lines. It is noticed that the wavelengths of peak hypothetical spectral responses are
slightly shifted from the corresponding ideal spectral responses, respectively, and the relative peak
amplitude of the hypothetical spectral responses are also slightly different from that of the ideal spectral
responses for minimizing the error of the calibration method shown in the following. For the ideal
spectral response of red channel shown in Fig. 3, there are a positive side lobe in blue region and a
negative side lobe in green region. The calibration matrix is equivalent to taking the hypothetical
spectral response of blue channel as the positive side lobe of the ideal spectral response of red channel in
blue region and taking the inverted hypothetical spectral response of green channel as the negative side
lobe of the ideal spectral response of red channel in green region. In mathematical expression, Rc= ¢Rgq
-CrgGq + CwBy, Where ¢y, Crg and cyy are positive values and they can be calculated by regression. The
training samples for regression can be prepared with preferred color charts, e.g. GretagMacbeth
ColorChecker. The calibration methods for green and blue channels are similar. Such a calibration
method is widely used in either video camera or digital still camera (DSC) today. However, the
calibration method is not very accurate even if high order terms are included in regression mainly
because the practical spectral responses of blue and green channels much differ from the positive side
lobe in blue region and the negative side lobe in green region of the ideal spectral response of red
channel, so are for green and blue channels.

In this paper, we propose a method to design a camera that is able to record more accurate color
image. The basic idea is to reduce the amplitudes of side lobes of derived ideal spectral responses so that



the calibration error due to side lobes is reduced accordingly. We found that the amplitudes of side lobes
can be significantly reduced for the ideal spectral responses derived from a wide-color-gamut (WCG)
display with monochromatic primaries. Although the camera spectral responses are derived from a WCG
display, it also can be applied to the displays with less saturated primaries, e.g. ITU-R BT.709 primaries.

2. Color Device Model

The color device model of a three-primary display can be represented by a 3x3 chromaticity matrix
and three tonal transfer curves (TRCs) for red, green, and blue primaries [3,4]. TRCs convert input
signals into linear signals that are proportional to primary luminance. The linear signals are normalized
and are designated as R, G and B for red, green, and blue primaries, respectively, in which 0< R, G, B
< 1. The output CIE XYZ tristimulus values of the display can be written as

X X X, aXx || R
Y =lay., Yy, aVY|C

z a,z az, a7z, ||B

, (1)

where (Xr, Yr), (Xg, Yg), and (X, yp) are the color coordinates of red, green, and blue primaries,
respectively; z,;=1-X;-Yr, Zg=1-Xg-Yq , Zb=1-Xp-Yb; &r, ag, and ap are the relative maximum luminances of red,
green, and blue primaries, respectively, and

ar Xr/yr Xg/yg Xb/yb N leyw
a, |=| 1 1 1 1| (2)
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where (Xw, Yw) are the color coordinates of white point and z,=1-X,-yw. Equation (1) assumes that the
luminance of white point is unit.

The color device model of a three-color-filter camera is more complicated than that of a display. In
general the spectral response of a detector is a function of wavelength, incident light intensity, and
spatial coordinates [5, 6]. We assume the spectral responses have been calibrated so that they are
functions of wavelength only and the camera raw signals (Rg, Gg, Bg) can be written as

Ry =[S(2)p, (4)d4, (3a)
G, = [S(4)p, (2)d2, (3b)
B, = [S(4)p, (2)d4, (3¢)

where S(A) is the spectral power density of incident light; p, (1), p,(4) and p,(4) are the

spectral responses of red, green and blue channels, respectively. The tristimulus values of the incident
light are

X =K, [s(4)x(2)d2, (42)
Y =K, [S(4)¥(4)d4, (4b)
Z=K,[s(4)Z(2)d2, (4c)

where K= 683 Im/Watt is the maximum luminous efficiency. If we assume (R, G, B )= (Rq, Gq, Bg) In
Eq.(1) and substitute Eqgs.(3)-(4) into Eq.(1), we have the ideal spectral responses that linearly relate
tristimulus values and camera raw signals
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where p, (1), p,(4) and p,(2) are the ideal spectral responses of red, green and blue channels,

respectively. Figure 3 shows the ideal spectral responses of the camera derived from Eq.(5), in which (x;,
yr)= (0.64, 0.33), (Xg, Yg)= (0.3, 0.6), (Xb, Yb)= (0.15, 0.06) and (X, yw)= (0.3127, 0.329). As is discussed
in the last section, the tristimulus values and camera raw signals are not linearly related for physically
realizable spectral responses due to the side lobes of the ideal spectral responses and limited available
absorption materials for color filters. We assume a set of hypothetical spectral responses for studying the
calibration error due to the mismatches between the physically realizable spectral responses and ideal
spectral responses. The hypothetical spectral responses are

p, (2)=y,Trunc p, (A-A4 )], (6a)
p,(2)= ygTrunc[pig (2-A2, )] , (6b)
Py (1) = rTrunc| p, (A—A%)], (6c)

where y,, y, and y, are the gains of red, green and blue channels, respectively, that normalize the
signals for white balance; the function Trunc[-] sets the amplitude of the side lobes of an ideal spectral

response to be zero; A4, A4, and A4, shift the peak wavelengths of the spectral responses of red,

green and blue channels, respectively.
Tristimulus values and camera raw signals can be empirically related with the following equations

[7]

P P P
T(Ry, Gy, By) = ag +Zaerde +zangdk "‘zakaBdk
k=1 k=1 k=1
Q 9 Q 9 Q 0
+2. 2 CogmRy Gg" + 2. D CamGa By" + 2. Coun By R T= X, Y, Z, (7)
1=1 m=1 1=1 m=1 1=1 m=1
where a; is a constant representing offset value; P and Q are positive integer; and the coefficients a}

and cg,m (i,j=r,0,b;k=1,2,...P; I, m=1, 2, ...Q) are constants. In this paper we assume the offset

values to be zero for simplicity. The gray balance can be maintained under the following constraints

arTl + agl + al-)rl =T, (8)
: T C T C T & T & T & T

Zark +Zagk +Zabk +22crg,m +Zchb,m +ZZcbr,m =0,T=X,Y, Z, (9)
k=2 k=2 k=2 =1 m=1 1=1 m=1 I=1 m=1

where Xw, Yw, Zw in EQ.(8) are tristimulus values of white point. Under the above assumption and
constraints, the degree of freedoms for the coefficients in Eq.(7) is M= 3x[3x(P+Q?)-2]. Given a set of
training samples, the coefficients in Eq.(7) can be calculated by regression.

The tristimulus values predicted by Eq.(9) can be substituted into Eq.(1) for calculating the camera
output signals which are also the input signals of the display for reproducing image color. In Egs.(1)-(2),
the color coordinates of primaries and white point are of the display to show the image color. The



display may follow the ITU-R BT.709 color standard or is a WCG display. However, if tristimulus
values are not included in the color gamut of the display, the calculated signals will be clipped. For such
a case, the technique of color gamut mapping is required [9,10].
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Figure 4: Target and predicted color coordinates of 24 training color patches by the use of
optimized hypothetical spectral responses derived from ITU-R BT.709 standard display and the
WCG display with monochromatic primaries.
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Figure 5: Ideal spectral responses of red ( p, ), green( p, ) and blue ( p, ) channels derived from the

WCG display with monochromatic primaries. The corresponding hypothetical spectral responses
are shown with dashed lines.
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Figure 6: Target and predicted color coordinates of 24 test color patches by the use of optimized
hypothetical spectral responses derived from ITU-R BT.709 standard display and the WCG
display with monochromatic primaries.

3. Design Method and Result

There are 24 color patches in GretagMacbeth ColorChecker. The spectral reflectance of each color
patch is measured. The product of the measured reflectance and the spectral power density of D65

illuminant is taken as the spectral power density S (1), in which the brightness of D65 illuminant is set

so that its stimulus value Y is unit. The calculated spectral power density is called the normalized
spectral power density. The tristimulus values of training samples are calculated from Eq.(4) with
normalized spectral power densities. The calculated tristimulus values are called the target tristimulus
values. The camera raw signals are calculated from Eq.(3) with the normalized spectral power densities
and the hypothetical spectral responses given by Eq.(6). Because there are only 24 color patches with
GretagMacbeth ColorChecker, we take P=2 and Q=1 so that the degree of freedoms M= 21 and is less
than 24. The color difference between the tristimulus values predicted by Eq.(7) and target tristimulus
values of a color patch is calculated with CIEDE2000 [8]. The parameters AA , A4, and A4, in

Eq.(6) are optimized for the minimum average color difference of the 24 color patches.

The optimized hypothetical spectral responses derived from ITU-R BT.709 color standard are shown
in Fig. 3 with dashed lines. We can see that the spectral response of red channel is shifted to shorter
wavelength and its peak amplitude is significantly increased; the spectral response of green channel is
slightly shifted to longer wavelength; the spectral response of blue channel is slightly shifted to shorter
wavelength and its peak amplitude is slightly increased. The target and predicted color coordinates of 24
training color patches are shown in Fig. 4. The average color difference AE,,= 0.45.

We take the WCG display with monochromatic primaries given in [12] as an example to show the
improvement of calibration error by deriving the camera responses from its primaries. The primary
wavelengths are 607 nm, 520 nm and 455 nm for red, green and blue primaries, respectively. Figure 5
shows the ideal spectral responses derived from the WCG display. We can see that the amplitudes of side



lobes are significantly reduced. It is noticed that the ideal spectral responses of red and green channels
are zero at blue primary wavelength 455 nm. Similar results are found at green and red primary
wavelengths. The simultaneous zero crossing at 455 nm is owing to the color matching 7z at this
wavelength can be constructed by the ideal spectral response of blue channel along. For the case shown
in Fig. 3, the color matching function at every wavelength has to be constructed by at least two ideal
spectral responses. The side lobes of ideal spectral responses can be regarded as the response oscillation
around zero value. Because of the simultaneous zero crossing, the oscillation amplitudes of the ideal
spectral responses for the WCG display are less than the display with less saturated primaries.

The optimized hypothetical spectral responses are shown in Fig. 5 by dashed lines. We can see that
the spectral responses of red and blue channels are slightly shifted to shorter wavelength and the spectral
response of green channel is slightly shifted to longer wavelength. The peak amplitudes of the spectral
responses of red and blue channels are slightly increased. The target and predicted color coordinates of
24 training color patches are also shown in Fig. 4. The average color difference AE,,= 0.25. From Fig.4,

we can see color shifts are reduced by the use of the optimized hypothetical spectral responses derived
from the WCG display.

We prepared the other 24 test color patches. Figure 6 shows the target and predicted color
coordinates of 24 test color patches by the use of optimized hypothetical spectral responses derived from
ITU-R BT.709 standard display and the WCG display. The average color differences AE = 0.97 and 0.68

by the use of optimized hypothetical spectral responses derived from ITU-R BT.709 standard display
and the WCG display, respectively. We can also see color shifts are reduced by the use of the optimized
hypothetical spectral responses derived from the WCG display.

4. Conclusions

The spectral responses of conventional cameras are derived from the ITU-R BT.709 color standard
so that the cameras are able to record the signals that are suitable for the display to reproduce image
color. However the ideal spectral responses derived from the ITU-R BT.709 color standard are not
physically realizable. They are modified so that camera spectral responses can be practically
implemented. The chromaticity calibration of practical cameras is not very accurate because of the large
side lobes of the ideal spectral responses. A method to design a camera that is able to record more
accurate image color is shown. It is found that the amplitudes of side lobes of derived ideal spectral
responses from a wide-color-gamut display with monochromatic primaries can be significantly reduced.
The chromaticity calibration method for the camera with practical spectral responses modified from
ideal spectral responses is shown, in which the color patches of the GretagMacbeth ColorChecker with
D65 illuminant are used as the training samples. The result shows that chromaticity calibration error can
be reduced accordingly. Although the camera spectral responses are derived from a wide-color-gamut
display, it also can be applied to the displays with less saturated primaries, e.g. ITU-R BT.709 primaries.
Because the derived ideal spectral responses depend on the wavelengths of monochromatic primaries,
we may choose proper primary wavelengths to derive suitable spectral responses for available dye
materials used in the color filters of the cameras with high-color-accuracy recording capability.
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