https://doi.org/10.24867/GRID-2018-p7 Original scientific paper

COMPARISON OF COLOUR REPRODUCTION BY PENTAX K10D DIGITAL
CAMERA EMPLOYING POLYNOMIAL MODELS AND ICC BASED COLOUR
MANAGEMENT TOOLS
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University of Pardubice, Faculty of Chemical-Technology
Department of Graphic Arts and Photophysics, Pardubice, Czech Republic

Abstract: This paper deals with the characterization of a Pentax K 10 digital camera in order to be used in
colorimetric measurements in a custom built setup employing a LED light source. The experiment focuses
on colour characterization using several polynomial transformation models in comparison to ICC based
colour characterisation. Altogether 5 polynomial models are applied and evaluated by capturing set of
uniform colour patches. Preliminary results indicate, that the complexity of the model does not markedly
improve the prediction of CIELAB values.
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1. INTRODUCTION

Digital RGB cameras can be utilised in applications mapping dynamic colour change of thermochromics
surfaces (Abdullah et al, 2010; Smith et al, 2001; Farina et al, 1994; Vejrazka et al, 2007; Cukurel et al,
2012; Bourque et al, 2015; Panak et al, 2018). In such cases, the most important information is the
information about the magnitude of colour change in dependence of temperature. The RGB signal recorded
by the camera has to be transformed into colorimetric representation. There are several methods that could
be employed: spectral characterisation of camera sensors (Cheung et al, 2005; Sole et al, 2016; Jiang et al,
2013), neural networks (Cheung et al, 2004) and polynomial modelling (Cheung et al, 2004; Westland et al,
2012; Bianco et al, 2009; Johnson, 1996; Hong et al, 2001; Finlayson et al, 2015).

Polynomial modelling requires uniform illumination and stable conditions in order to obtain reproducible
results (Cheung et al, 2004; Westland et al, 2012; Bianco et al, 2009). A set of about 60 colour patches
applied as training set seems to be enough to obtain good colorimetric prediction (Hong et al, 2001). The
polynomial modelling transforms linearized RGB values into CIEXYZ colorimetric values. An example of
polynomial model is shown in Equation 1.

X=a,R+a,,G+a;B+a ,RG+a RB+a,GB+a,,R* +a, G’ +a,,B’ +a,
Y=a,R+a,,G+a,;B+a, RG+a,;RB+a, ,GB+a,,R* +a,,G’ +a,,B” +a,,,

Z=ay;R+a,,G+a,;B+a, ,RG+a,;RB+a, GB+ a”RZ + alng + 613,95’2 +d5,,

Polynomial model can be more or less complex. Polynomial models of second degree seem to be enough
good to predict colorimetric data from RGB values (Hong et al, 2001). The polynomial transformation can
be expressed in matrix form by Equation 2 (Cheung et al, 2004; Westland et al, 2012; Bianco et al, 2009).

T=D A (2)

Matrix T represents n x 3 values of XYZ and matrix D is matrix of n x m extended values of RGB. The
n represents the size of the set, e.g the number of colour patches or pixels. From Equation 1 the mis 10
(R, G, B, RG, RB, GB, R?, G2, B?, 1). Matrix A represents coefficients of selected polynomial model. In order
to obtain coefficients of the model, colour patches of some training set have to be recorded. Then the
matrix A can be found by Equation 3.

A=D*" T (3)

Matrix T represent known set of C/IEXYZ values of training colour patches. Matrix D* is a pseudoinverse
(Cheung et al, 2004; Westland et al, 2012; Bianco et al, 2009) matrix, determined from known set of RGB
values of training colour patches. When coefficients of the polynomial model are known, any RGB
combination can be transformed into CIEXYZ combination using Equation 1. Extension of the polynomial
model can reduce the error for about 50 % (Bianco et al, 2009; Johnson, 1996; Hong et al, 2001;
Finlayson et al, 2015), but only in case of stable capturing conditions (Finlayson et al, 2015).
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The aim of the paper is to compare two approaches of transforming RGB data into CIELAB data in the
setup we have applied in our previous study (Pandk et al, 2018). The first approach is ICC based
transformation in Adobe Photoshop. The second approach applies custom built algorithms of different
polynomial models.

2. EXPERIMENTAL

2.1 Devices

Raw digital RGB image data were captured by Pentax K10D camera with SMC Pentax-DA 1:4(22) 16—45 mm
ED-AL lens. A Falcon Eyes’ ring LED source DVR-630DVC with diffusor was utilized as a flat diffusive
illumination with CRI value equal to 94, as specified by the producer (Falconeyes, 2018). Colorimetric
parameters of colour patches were measured by Hunterlab UltraScan Vis spectrophotometer with SCI d/8
geometry.

2.2 Colour charts

Three colour charts were applied in this study. The first one was X-Rite ColorChecker Passport Photo with 24
patches, including 6 patches of neutral colours (See Figure 1). Colorimetric data provided by the producer
(Xritephoto, 2018) were applied as a reference. The second custom made Profiling colour chart contained
80 colour patches including 8 neutral colours (see Figure 2). The third Testing colour chart contained
another 80 colour patches that were selected randomly and were different from colour patches in Profiling
colour chart (see Figure 3). Profiling and Testing colour patches were cut out of the NCS Index 1950 sample
collection (NCS Colour AB, 2017) and their reference CIEXYZ colorimetric data were captured by Hunterlab
UltraScan Vis spectrophotometer (D50, 2° observer). These charts were subdivided each in four parts, so
the size matches approximately the size of ColorChecker Passport.

2.3 Methods

The digital camera was placed into the middle of a circular opening of the light source. The distance of
the light source from the surface of measured sample was about 38 cm. The space between the light
source and the sample was covered by a protective skin with an internal white diffusive surface, to
prevent the negative effect of the outer environment. The sensitivity of the camera was set to ISO 200
and optimal shutter speed and aperture were found and kept constant over the experiment. The focal
length of the lens was adjusted so the captured colour chart took about one fourth of total area captured
by the sensor.

Stability of camera output was investigated by capturing 300 images of a white substrate with diffusive
coating and white balance target of ColorChecker in 7 seconds intervals. Camera Raw 7.0 module of
Adobe Photoshop CS4 software was used to obtain 16 bit RGB tiff images from raw DNG file. The stability
was evaluated in terms of development of RGB values over time. Capturing of the sequence started after
at least 30 minutes from switching on the light source. After this time the intensity of the source is
stabilised. All colour charts described in previous chapter were captured in a sequence one after each
other and they were processed later.

In order to perform fairly good linearization of RGB values, first the optimal transformation of DNG file
into TIFF file had to be found. This was done by preparing set of 16 bit TIFF images out of one DNG file of
CholorChecker in Camera Raw 7.0 module, where values of selected parameters were set to certain value
or option. These parameters were: Exposure, Blacks, Brightness, Contrast, Curves, Details, and DNG
profile. All other parameters were of 0 value. A custom made DNG profile of the camera was generated
by ColorChecker Passport software. Only neutral colour patches of ColourChecker were considered in the
procedure. The objective was to determine coefficients of Equation 4:

C =aR (4)

where Gi is value of X, Y, or Z and Ri is value of R, G, and B respectively. The setup of Camera Raw 7.0
resulting in the best fit was considered in further processing of all other images. Coefficients of
Equation 4 found for the best fit were used in linearization of RGB values of all colour patches.
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Figure 2: Profiling colour chart
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Figure 3: Testing colour chart
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In the ICC based colour transformation the camera ICC profile had to be created. It was done in
i1Profiler software from linearized 16 bit RGB TIFF file of ColorChecker. Created profile was assigned
to all colour charts and the image was converted to CIELAB using absolute colorimetric rendering
intent in Adobe Photoshop CS4. Obtained images were saved as 16 bit TIFF file. Mean CIELAB values
of each colour patch were compared to reference CIELAB values in Matlab 2015 by means of AEoo
applying predefined function (Westland et al, 2012).

Based on the information in (Cheung et al, 2005), all together 5 polynomial models (see Table 1) were
tested using the general Equation 2. The coefficient matrix A was found by Equation 3 applying the pinv
function in Matlab. In one case, the matrix A was found while linearized RGB values of CholorChecker
were set to be the training set. In the second case, linearized RGB values of Profiling colour chart were set
as training set. Each polynomial model with generated coefficients was then applied to linearized RGB
values of all colour patches mentioned in 2.2. Linearization of RGB values of all colour patches was done
according to neutral colour patches of corresponding training set. Obtained theoretical colorimetric
representation was compared to reference colorimetric data by means of AEoo.

Table 1: List of polynomial models represented by formulation of matrix D

D1 [R G B]

D2 [R G B 1 ]

D3 [R G B RGB 1]

D4 [R G B RG GB RB R? G?* B? 1]

D5 [R G B RG GB RB R*> G? B> RGB R*G G?B B?R R?B G?R B’G R® G* B® 1]

3. RESULTS AND DISCUSSIONS

3.1 Stability of the camera output

Figure 4a shows the development of RGB values over time when capturing of the sequence
started immediately after switching on the camera. It can be seen that the camera white balance
is not kept constant. After approximately three minutes, some splitting of the magnitude id R, G
and B values can be observed. Figure 4b shows the case, when capturing started 40 minutes
after switching on the camera. The white balance was kept constant over time. Therefore the
capturing of all colour patches started always at least 40 minutes after the camera was switched
on. Some noise in the signal intensity can be observed, most probably due to a mechanical shutter
of studied camera. The evaluation of variability in CIELAB colour space of ColorChecker can be
found elsewhere (Panak et al, 2018).
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Figure 4: Camera output stability
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3.2 DNG to TIFF transformation

The best setup of transforming DNG file into TIFF tile in Camera Raw 7.0 was setup described in the
Table 2 as setup C4. Figure 5a illustrates the fit of X(R), Y(G) and Z(B) dependencies according to general
formula in Equation 4. Setup C13 is shown in Figure 5b for comparison, where obtained data do not fit
the exponential function as good as in case of C4. Change in the exposition (C3-C8) did not affect the
quality of regression. Setup C4 was applied in creation of RGB TIFF files of all colour patches.

Table 2: Determination coefficients R? of X(R), Y(G) and Z(B) functions for different setups of Camera Raw 7.0.

2

v g 4 %

2| 2| £ 8 8 2 s

e | 8| 2| t g 2 .

i o [ o o o o o

R G B

C1 0,00 0 +50 +25 linear implicit custom 0.9921 0.9904 0.9912
c2 0,00 5 +50 +25 linear 0 custom 0.9911 0.9893 0.9902
C3 1,00 5 0 0 linear implicit custom 0.9997 0.9999 0.9998
c4 0,90 5 0 0 linear implicit custom 0.9999 0.9997 0.9998
C5 0,80 5 0 0 linear implicit custom 0.9997 0.9999 0.9998
C6 0,70 5 0 0 linear implicit custom 0.9997 0.9999 0.9998
c7 0,60 5 0 0 linear implicit custom 0.9997 0.9999 0.9998
C8 0,50 5 0 0 linear implicit custom 0.9997 0.9999 0.9998
c9 0,00 0 0 0 linear implicit custom 0.9993 0.9997 0.9995
C10 0,00 0 0 +25 linear implicit custom 0.9996 0.9999 0.9998
C11 | 0,00 5 0 +25 linear implicit custom 0.9965 0.9952 0.9957
C12 0,00 5 +50 0 linear implicit custom 0.9912 0.9891 0.9903
C13 | 0,00 5 +50 | +25 linear implicit ACR 4.4 0.9912 0.9891 0.9900
C14 | 0,00 5 +50 | +25 | middle contr. | implicit ACR 4.4 0.9908 0.9888 0.9900
C15 | 0,00 5 +50 +25 | middle contr. implicit Adobe 0.9912 0.9892 0.9904
Cle 0,00 5 +50 +25 middle contr. implicit custom 0.9912 0.9891 0.9903

1 1

ost s ost

06} 06}

E0.4- E0.4— ¢
T
Y 0.2/0'.3 04 05 06 07 08 09 1 %0 01 0z 03 04 05 06 07 08 08 1
RGB RGB

Figure 5: Regression of X(R), Y(G) and Z(B) dependencies for setup C4 (a) and C13 (b)

3.3 ICC based colour transformation

The colour difference AEoo together with difference in attributes is presented in Table 3. As
expected, the colour difference on ColorChecker is fairly low, not exceeding the value 2 (see Figure
6a). In case of the Profiling and Testing colour chart the worst prediction, AEoo exceeds the value 4,
is for brown and dark green colours (see Figure 6b,c). The unsatisfactory colour prediction could be
affected by indirect glare effects observed during the measurement. The surface of Profiling and
Testing colour patches was semi-matte, glossier when compared to patches of ColourChecker. Some
variability due to stability of camera output can also have a slight influence on the magnitude of AEoo.
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Table 3: Colour differences in case of ICC based RGB to CILEAB transformation

AEg AL AC AH
ColorChecker 0.71 0.25 0.39 0.34
Median Profiling 2.35 1.62 0.73 0.84
Testing 2.25 1.09 0.75 0.80
ColorChecker 0.12 0.01 0.03 0.05
Minimum Profiling 0.47 0.01 0.05 0.00
Testing 0.68 0.03 0.01 0.00
ColorChecker 1.92 1.80 0.96 131
Maximum Profiling 4.84 4.76 2.26 4.10
Testing 5.82 5.05 2.55 412
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Figure 6: Colour difference between predicted and reference CIELAB values of ColourChecker (a), Profiling (b)
and Testing(c) colour chart in case of ICC based RGB to CIELAB transformation.

3.4 Polynomial models

The colour difference between predicted and reference CIELAB values of the process, where
ColorChecker was set to be the training set, is presented in Table 4 and Figure 7. The best
results are obtained for polynomial model D3 (See table 1 in 2.3) but models D1, D2 and D4
predicted colour of all patches with similar results. The black colour patch of ColorChecker target
exhibits the largest colour difference in all D1-D5 models. In case of Profiling and Testing colour
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target worse prediction can be observed especially in darker green and violet colours. Model D5
predicted very poorly the colour representation of light colour patches and saturated orange
patches in Profiling and Testing colour chart. The approach applying polynomial models seems to
have worse results, than the ICC based transformation.

Table 4: Colour differences in case of polynomial transformations — ColorChecker as training set

D1 D2 D3 D4 D5
ColorChecker 1.42 1.26 1.29 0.89 0.21
Median Profiling 2.34 2.17 2.11 2.37 3.61
Testing 1.97 1.88 1.92 2.10 3.84
ColorChecker 0.19 0.19 0.18 0.13 0.00
Minimum Profiling 0.80 0.48 0.56 0.35 0.69
Testing 0.66 0.57 0.71 0.36 0.64
ColorChecker 2.65 5.62 4.22 4.81 3.15
Maximum Profiling 6.66 6.74 6.74 6.78 37.87
Testing 6.86 6.04 5.69 5.79 37.98
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Figure 7: Colour difference between predicted and reference CIELAB values of ColourChecker (a), Profiling (b)
and Testing(c) colour chart in case of application of D3 polynomial model utilising ColorChecker as training set.

When the Profiling colour chart was utilised as training, significant improvement can be seen on
prediction of CIELAB values of Profiling and Testing charts’ colour patches (see Table 5 and Figure 8).

67



The AEw does not exceed value 2 for about 75 % of Profiling and Testing colour charts’ patches.
However, the prediction of CholorChecker patches gets worse especially when D4 model is applied.
Again, more complicated models do not dramatically improve the colour prediction. The difference
between goodness of prediction between ColorChecker and custom made colour charts is assigned to
different diffusive properties of colour patches.

Table 5: Colour differences in case of polynomial transformations — Profiling colour chart as training set

D1 D2 D3 D4 D5

ColorChecker 2.66 2.70 2.65 2.85 241

Median Profiling 1.25 1.18 1.26 0.90 0.87
Testing 1.28 1.30 1.19 1.15 1.24

ColorChecker 0.89 1.19 1.13 0.93 0.63

Minimum Profiling 0.43 0.42 0.44 0.13 0.22
Testing 0.25 0.20 0.19 0.21 0.42

ColorChecker 4.21 7.04 7.39 11.81 6.81

Maximum Profiling 4.69 4.70 4.47 3.30 3.32
Testing 5.84 3.89 3.86 3.74 6.32
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Figure 8: Colour difference between predicted and reference CIELAB values of ColourChecker (a), Profiling (b) and
Testing(c) colour chart in case of application of D3 polynomial model utilising Profiling colour chart as training set.
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4. CONCLUSIONS

Two approaches of transforming RGB values to CIELAB values were evaluated, one ICC based
transformation and 5 transformations using polynomial models of different degrees. Custom made
test charts and ColorChecker Passport were utilised in model preparation and evaluation of
CIELAB prediction. When the ColorChecker is used as the training set in preparation of ICC profile

and

also determination of polynomial models, the ICC based transformation performs slightly

better. When the custom made training set was applied, the prediction was better only in case
of colour patches of the same surface properties. Obtained results show, that more complicated
polynomial models do not have serious impact on the goodness of CIELAB prediction.
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