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Abstract—A method for generating the target color in
industrial lighting systems was proposed using the quadratic
color model and simplex search method. The target color can
be set in a Windows-based system and converted into the XYZ
color coordinate system from the sRGB space. A quadratic
color model was constructed between the input levels of RGB
LEDs and the color coordinates of individual light components
in a mixed light source. The quadratic color model is used to
cover errors under low luminance condition while using the
linear color model. The input levels were determined using the
target color and quadratic model. In this study, the simplex
search method is applied for determining input levels and is
compared with other conventional methods.

Keywords—color control, mixed light source, Chromaticity,
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1.  Introduction

Industrial lights help in improving the discriminability of
products and the working efficiency of manufacturing lines.
During quality inspection of products for quality control,
damages and faults can easily be detected using specific
color lighting. The performance of machine vision systems
is also affected by the light wavelength, which is related to
the light color.[1],[2] As the light color of an LED can affect
the circadian rhythms of factory workers, the selection and
generation of optimal light color play an important role in
LED applications.[3] Most industrial processes use single-
colored lights; however, a mixed light source can also be
used, as it can generate lights of various colors. The mixed
light source comprises RGB LEDs, and light of target color
is generated by varying the LED inputs.[4] Lights from
different LEDs can be combined into light of a specific color
by using a collimator [5], Esparza’s light pipe [6], micro-
lens array [7], tunable lamp [8] and shell mixer [9].

Color mixing techniques that are developed to generate
solar-white light [4] have been employed to generate
arbitrary colors. Target color can be defined on various color
coordinates, such as RGB, HSL, CIE and color temperature.
[10] The additive color model and linear summation are
commonly used for modeling a mixed light source and Sisto
proposed a generalized method for modeling a mixed light
source.[11],[12],[13] Commercial driving ICs for RGB
LEDs that generates a target color are based on this
model.[14],[15] Many studies on light mixing begin with the
assumption that RGB LEDs comprise lights having pure
colors; however, commercial LEDs emit RGB lights and
have an optical offset under low luminance condition. The
other problem is determining the input levels of RGB LEDs
for generating a target color.
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Considering that commercial RGB LEDs comprise lights
of impure colors, for pure color generation, input levels
must be determined for reproducing the light color closest to
the target color. Although Sisto’s method has already taken
problems into consideration, the optimum search tegchnique
is iterative, and the linear model generates a large error
under low luminance condition. Therefore, this study used a
quadratic model of the mixed light source and the simplex
search method (SSM) to determine the input levels in a short
time. An experiment was performed with the proposed
algorithm using machine vision.

Light Mixing Algorithm
A. Additive and Quadratic Color Model

The target color can be chosen from a color selection

dialog box in Windows™ Wordpad, as shown in Figure 1.
After the desired color is selected by clicking on it, its RGB
are usually expressed as SRGB and can be converted into
various color spaces. Equation (1) shows the coordinate
Xo 0.5767 0.1865 0.1882
(Yo) =c|0.2974 0.6273 0.0753
If the SRGB and XYZ spaces have different scales, a
scaler factor ¢ must be defined. In PCs, the RGB space has
higher bit level. Commercial RGB LEDs have tri-stimulus
values, even if they are pure color RGB LEDs. The color
which can be represented using generalized coordinates, P
and Q. Hence, the linearity and input levels for a red LED

or HSL values are obtained. In PCs, the RGB coordinates
conversion from RGB to XYZ. [16]
Ro
<Go> €
Zy 0.0270 0.0707 0.99111 \B,
8-bit levels; however, a mixed light source usually has a
intensity of an LED light is proportional to the input level,
can be written as follows:
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Px arxqr
Py | = | QrrQqr
Py arz4qr

@)

However, commercial LEDs have offset luminance,
almost equal to zero, and constants must be added, as shown
in the (3).

Px Arxqr + brx
(pY> = (aRYQR + bRY) (3)
Py apzqr + brz
A quadratic model can be derived from (3) as follows:
Px aRx‘hZe + brxqr + Crx
(pY> = aRYQ}Z? + bryqr + Cry (4)
Py arzqi + brzGr + Crz

A general form of the input level and intensity of the
generated color can be defined as follows:

bi ®)

where i is one of the XYZ color coordinates, and j is one
of the RGB LEDs. If the RGB LEDs are driven
simultaneously, the color responses of the linear and the
quadratic expression can be calculated as follows:

= @;;q} + bjq; + ¢;i

RG,B
pi = Z (ainj + bjl) (6)
Jj
RG,B
pi = Z (ajiqu + b;q; + Cji) )

J
Equations (6) and (7) can be written in matrix form as
follows:

=QTA+B (8)
P = diag(QQMA+ Q"B+ C 9)

The generated and the target colors must be the same;
thus the RGB in (1) and P are considered as follows.

P =P, =cM - (Ry, Gy, By) (10)

Although equation (8) can be solved using an inverse
matrix A, the exact solution can be deviated from physical
conditions, because g; cannot take negative values, which
often occur when the target color is pure. The mathematical
operation of finding the inverse of a matrix can be unstable;
equation (9) can instead be solved using numerical methods.
A previous study considered equal step search, which
required many iterations and a long processing time. Thus,
the SSM was considered and applied to determine Q.

B. Simplex Search Method

The SSM forms a geometrical probing network
composed of n+1 points and transforms the shape of the
probing network with respect to the minimum point. The
coordinates of the points are defined using Q. For three
input problems, the shape of the simplex is a tetrahedron.
The SSM was applied to find the optimal light color for
machine vision systems.[17],[18] The transformations
involved are expansion, contraction, and shrinkage, as
shown in Figure 2.[19] A cost function is an index for
determining the minimum, and should be defined as
common optimum methods.
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Figure 2. Transformations by simplex using SSM

ming f = ET-E (11)

where E is the difference or distance between the target
and generated colors in the XYZ color coordinate system,
and E' be written as follows:

T=(X0_X,Y0_Y,ZO_Z)=PO_P (12)

Therefore, the index is evaluated using the cost function
and the current values of Q. The best and worst points in the
simplex can be determined using the cost function.
Expansion is attempted on the first test point in an extension
line. The extension line is formed by joining the worst point
to the centroid. The first test point is placed at the same
distance outside the simplex as that of the median on the
extension line. If the first test point is the new minimum, the
second test point is defined outside the first test point at the
same distance as that of the median on the extension line.
Then, the worst point is replaced by one of these two points.
If the first test point is not the new minimum, the second test
point is defined on the centroid. If the second test point is
the new minimum, the worst point is changed to the second
test point. If the new minimum is still not found, the simplex
is shrunk towards the best point. These transformations are
iterated until the size of simplex becomes considerably
small.[20]

The color coordinate P, which was found using the
simplex method, can be applied to check the color
coordinates of generated light. As it is difficult to plot XYZ
color coordinates in a 2D space, they can be converted to
CIE1931 xyY coordinates. The conversion can easily be
made using the following equation:

@31 = (55 575 P2)

Experiment and Results

(13)

A. Test System and Procedure

A test system was constructed using commercial
machine vision devices. The target color was selected by
choosing 2 color from the color selection dialog box in
Windows™ Wordpad, and an 8-bit RGB coordinate was
obtained. A mixed light source can generate RGBW light
simultaneously ~ with  high-power LEDs (KLS-150,

Kwangwoo).
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TABLE I. CORRELATIONS OF LINEAR AND QUADRATIC MODELS
Model LED R? obtained from measured color coordinate
Color X Y z
R 1.0000 1.0000 0.8268
Linear G 0.9987 0.9999 0.9929
B 0.9995 0.9995 0.9995
R 1.0000 1.0000 0.8270
Quadratic G 0.9991 0.9987 0.9997
B 0.9993 0.9993 0.9994

The input of the mixed light source can be transferred
through the RS-232C interface and has 11-bit levels. The
mixed light was transferred to a coaxial lens (COAX,
Edmund) for semiconductor inspection, by using an optical
fiber cable and an illuminated target object.

The color coordinate of the target object was acquired
using a chroma meter (CL-200A, Konica-Minolta). The
XYZ color coordinates were measured in the full range of

individual RGB LEDs to check for linearity and quadrativity.

Then, the coefficients of a, b, ¢ and correlation R® were
calculated from the measured XYZ; the R? of linear and
quadratic models is shown in Table I. The linearity between
the input level and the XYZ color coordinate was
considerably good because the R? is almost close to 1.0.

B. Results and Discussion

The input levels of the RGB LEDs determined using the
SSM satisfied the boundary conditions, whereas those
determined using an inverse matrix, as in (8), showed
negative values, which were outside the RGB range. The
variations in the XYZ color coordinate were converted to
the CIE1931 coordinate to assess their difference from the
target color. The difference in CIE 1931 coordinates, (Au,
Av), were observed for red, cyan, and white levels, as shown
in Figures 3-5. For pure color tracking, the quadratic model
was followed more accurately compared to other models.
The linear model with the SSM showed similar
characteristics as that of the quadratic model. Although the
quadratic model generated a large error under a low
luminance of less than 15% (red dotted lines in the figures),
it reproduced the light color that was closest to the target
light color. Our proposed method showed the least error
compared to the other methods, except under the low
luminance condition. Figures 6-8 shows that the luminance
varied with the target color level. For pure colors, an inverse
model always showed the offset, and an additional model
showed the highest intensity, which indicated energy loss.
The results obtained using the SSM followed the intensity
contour of the target color. Hence, the SSM assisted in
reducing the electrical energy required to generate a specific
color. Moreover, the color coordinate was more accurate
compared to that in other conventional methods. Others
color also showed similar characteristics in the CIE1931
coordinate system.

iv. Conclusion

A quadratic model for a mixed light source and the SSM
for input level determination were proposed for generating a
target color accurately.

[ISSN : 2278-215X]

Publication Date: 18 April, 2016

05 3 ~quadratic
inverse
03 + linear
addition
0.1
Au
L 1 ]
-0.5 -0.3 0.3 0.5

0.3 |

-05 *“
Figure 3. Color deviation on CIE1931 coordinate from targeting color red

05 rz —~quadratic
—inverse
03 } linear
e addition
A\
\ | Au
KR .
-0.5 -0.3 OlO 1 [ 0.1 0.3 0.5
-0.3

-05 b
Figure 4. Color deviation on CIE1931 coordinate from targeting color cyan

0.5 r3 —quadratic
~inverse
03 | linear
addition
Au
= )
-0.5 D3 0.3 0.5

-05 L
Figure 5. Color deviation on CIE1931 coordinate from targeting color white

2000 [ —
= —quadratic
[«F]
2 inverse
o
1500 | g linear
3 addition
—targeting
1000
500 | RO
O e
Targeting color level
O 1
1 51 101 151 201 251

Figure 6. Luminance variation for target red level

63

SEEK
DIGITAL LIBRARY



International Journal of Advances in Electronics Engineering— IJAEE

Volume 6 : Issue 1

4000 .
—aquadratic
inverse
linear

3000
addition

Luminance (Y)

—targeting

2000

1000

Targeting color level

O 1 1
1 51 101 151 201 251
Figure 7. Luminance variation for target cyan level
5000 =
Z  —quadratic
@ .
2 inverse
4000 < linear
£
3 addition
3000 K+ —targeting
2000
1000 -
Targeting color level
O 1 1

1 51 101 151 201
Figure 8. Luminance variation for target white level

251

The coefficients of the models were calculated in the
XYZ color coordinate system by using regression of the
measured data. The quadratic form of these coordinates was
obtained by performing matrix operation. A cost function
was defined for the index to determine the minimum. The
SSM uses non-inverse matrix operations and provides
accurate tracking of the target color. An experiment was
performed using the proposed algorithm in a machine vision
system. The result showed that the proposed model
generates the target color coordinate better than other
methods, except under the low luminance condition.

The proposed methods also determined the input levels to be
lower than that of the other methods, thus indicating that it
can save the electrical energy required to drive the RGB
LEDs.

Acknowledgment

We would like to acknowledge the financial support
from the R&D Convergence Program of MSIP (Ministry of
Science, ICT and Future Planning) and ISTK (Korea
Research Council for Industrial Science and Technology) of
Republic of Korea (Grant B551179-12-04-00)

References

[1] H. T. Kim, S. T. Kim, and Y. J. Cho, “An optical mixer and RGB
control for fine images using grey scale distribution,” Int. J.

Optomech., vol. 6, no. 3, pp. 213-225, August 2012.
M. Vriesenga, G. Healey, and Jack Sklansky, “Colored illumination

for enhancing discriminability in machine vision,” J. Vis. Comm.
Image Rep., vol. 6, no. 3, pp244-255, September 1995.

[2

64

(3]

(4]

(5]

(6]

(7]
(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[ISSN : 2278-215X]

Publication Date: 18 April, 2016

S. T. Kim, J. S. Kim, H. T. Kim and Y. K. Kim, “Effects of Current
Modulation Conditions on the Chromaticity of Phosphor Converted
(PC) White LEDs,” J. Opt. Soc. Kor., vol. 16, no. 4, pp. 449456,
December 2012.

S. Muthu, F. J. P. Schuurmans, and M. D. Pashley, “Red, Green, and
Blue LEDs for White Light Illumination,” IEEE J. Sel. Top. Quan.
Elec., vol. 8, no. 2, pp333-338, March 2002.

R. P. van Gorkom, M. A.,van AS, G. M. Verbeek, C. G. A. Hoelen,
R.G. Alferink, C. A. Mutsaers and H. Cooijmans, “Etendue conserved
color mixing,” Proc. of SPIE, vol. 6670, pp. 666700E, September
2007.

D. Esparza and I. Moreno, “Color patterns in a tapered lightpipe with
RGB LEDs,” Proc. of SPIE, vol. 7786, pp. 778601, August 2010.

J. Muschaweck, “Randomized micro lens arrays for color mixing,”
Proc. of SPIE, vol. 7954, 79540A, Feburary 2011.

C. C. Sun, I. Moreno, Y. C. Lo, B. C. Chiu and W. T. Chien
“Collimating lamp with well color mixing of red/green/blue LEDs,”
Opt. Exp., vol. 20, no. S1, pp. 75-84, January 2011.

J. C. Minano, R. Mohedano, P. benitez and R. Alvarez, “Newer optics
efficiently mix, dim, and color-tune LED light,” SPIE Newsroom,
ppl-4, Feburary 2013.

X. Qu, S. C. Wong, and C. K. Tse, “Color Control System for RGB
LED Light Sources using Junction Temperature Measurement,” Proc.
of the Conf. the IEEE Indus. Elec. Soc., Taipei, pp1363-1368,
November 2007.

M. M. Sisto and J. Gauvin, “Accurate chromatic control and color
rendering optimization in LED lighting systems using junction
temperature feedback,” Proc. of SPIE, vol. 9190, pp. 919002,
September 2014.

K. R. Shailesh and S. Tanuja, “Novel technique for implementation of
Color Algorithm for LED used for general illumination,” Proc. of
IEEE Int. Adv. Comp. Conf., pp. 201-203, March 2009.

H. Kim, J. Liu, H. S. jin and H. J. Kim, “An LED Color Control
System with Independently Changeable Illuminance,” IEEE Int.
Telecomm. Ener. Conf., pp. 1-5, October 2009.

B. Tomson and S. Allen, “High Resolution RGB LED Color Mixing
Application Note (AN1562),” Microchip Technology Inc.,
DS00001562A, pp. 1-16, 2014.

Avago Technologies, “Color Management of a Red, Green, and Blue
LED Combinational Light Source,” Avago Technologies White paper,
ppl-8, March 2010.

D. Pascale, “A comparision of four multimedia RGB spaces,” Babel
color tutorials-application note, http://www.babelcolor.com, pp. 1-16,
April 2012.

H. T. Kim, S. T. Kim, and J. S. kim, “Mixed-color Illumination and
Quick Optimum Search for Machine Vision,” Int. J. Optomech., vol.
7,no. 3, pp. 207~221. July 2013.

H. T. Kim, K. Y. Cho, K. C. Jin, J. S. Yoon, and Y. J. Cho, “Mixing
and Simplex Search for Optimal lllumination in Machine Vision,” Int.
J. Optomech., vol. 8, no. 3, pp. 206~217, July 2014.

J. A. Nelder and R. Mead, “A Simplex Method for Function
Minimization,” The Comp. J., vol. 7, no. 4, pp. 308-313, 1965.

W. H. Press, S. A. Teulkolsky, W. T. Vetterling and B. P. Flannery,

“Numerical Recipes in C 2nd Ed.,” Cambridge: Cambridge University
Press, 1992, pp. 430-443.

SEEK

DIGITAL LIBRARY



