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Abstract: Image-based colorimetry has been gaining relevance due to the wide availability of smart
phones with image sensors and increasing computational power. The low cost and portable designs
with user-friendly interfaces, and their compatibility with data acquisition and processing, are very
attractive for interdisciplinary applications from art, the fashion industry, food science, medical
science, oriental medicine, agriculture, geology, chemistry, biology, material science, environmental
engineering, and many other applications. This work describes the image-based quantification of
color and its machine vision and offline applications in interdisciplinary fields using specifically
developed image analysis software. Examples of color information extraction from a single pixel to
predetermined sizes/shapes of areas, including customized regions of interest (ROIs) from various
digital images of dyed T-shirts, tongues, and assays, are demonstrated. Corresponding RGB, HSV,
CIELAB, Munsell color, and hexadecimal color codes, from a single pixel to ROISs, are extracted for
machine vision and offline applications in various fields. Histograms and statistical analyses of colors
from a single pixel to ROIs are successfully demonstrated. Reliable image-based quantification of
color, in a wide range of potential applications, is proposed and the validity is verified using color
quantification examples in various fields of applications. The objectivity of color-based diagnosis,
judgment and control can be significantly improved by the image-based quantification of color
proposed in this study.

Keywords: color sensing; colorimetry; image processing; image analysis; machine vision; offline analysis

1. Introduction

Color is an important factor in our perception of substances. While variations in
luminance can be caused by both changes in substances and changes in illumination,
variations in color are highly diagnostic for changes in the physical and/or chemical
properties of substances [1-3]. The color of a substance depends on the wavelengths of
light absorbed. The perceived color is the complementary or subtractive light spectra, as
light reaching the eye lacks the absorbed light spectra. What color (more specifically light
spectra) is absorbed depends on the chemical nature of the substance. Color matching is
the most basic and important task in color vision, and it forms the basis of colorimetry for a
wide range of applications [1-3].

In the early experiments on color matching, homogeneously colored stimuli were
used [1]. These experiments were intended to assess the sensitivities of the human visual
system to different colors to help us better understand the perception of color in the vision
of human beings at the level of the photoreceptors. However, the objects within our
visual environment contain very few surfaces that are precisely uniform or identical in
color. Moreover, these surfaces are made of a wide range of substances and geometries [4].
Different substances with different surface properties affect the perception of color in the
human eye due to variations in reflection and scattering properties. As a result, we perceive
variations in reflected light spectra (i.e., color).
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Colorimetric information, including brightness, contrast, and uniformity, are fre-
quently used in characterizing and describing properties of objects and substances of
interest, both in daily life and in specific circumstances. Its applications are very broad
from art, the fashion industry, food science, medical science, oriental medicine, agriculture,
geology, chemistry, biology, material science, environmental engineering, etc. [5-20]. For
ease of access and portable solutions, smartphone-based spectrometers and colorimeters
have been studied worldwide [21-30]. The post-processing capability of acquiring images
for colorimetric applications is very important to developing optimized algorithms. Once
an optimized algorithm is developed, it can be integrated with image-capturing devices for
machine vision applications.

We have reported newly developed image analysis software (PicMan, WaferMasters,
Inc., Dublin, CA, USA) with image-capturing and video-recording functions with multi-
ple application examples in various fields, including engineering, cultural heritage evalua-
tion/conservation, archaeology, chemical, biological and medical applications [6,31-38]. The
software has also been used for various research activities by third-party research groups and
proved its capability of quantitative color analysis for various objectives in color pigment,
painting cultural property, material science, and cell biology studies [7,8,39-41]. For machine
vision applications, the video clip analysis technique and utilization of commercially available
general image sensors, such as digital cameras, USB cameras, smart phones and camcorders
using the newly developed software, have been demonstrated [7,31,38].

In this paper, the image-based quantification of color and its machine vision and offline
applications in interdisciplinary fields using specifically developed image analysis software
(PicMan) are introduced with examples. The colorimetric information of individual pixels
and regions of interest (ROIs) in acquired images were extracted in RGB (red, green and
blue) intensity, HSV (hue, saturation and value) and CIE L*a*b* values. The conversion of
RGB intensity values into equivalent Munsell color indices and hexadecimal color codes
has also been demonstrated for the potential expansion of machine vision and offline
colorimetric applications.

2. Experimental

To demonstrate the image-based quantification of color, three types of images were
used. Color information from a single pixel to predetermined sizes/shapes of areas,
including customized regions of interest (ROIs) from various digital images of dyed T-shirts,
assays, color charts, and tongues from various sources, including the internet, have been
extracted. Average color and histograms of color components such as RGB, HSV, CIE L*a*b*,
Munsell color and hexadecimal color of ROIs were extracted. Colorimetric analysis was
conducted using newly developed image analysis software (PicMan from WaferMasters,
Inc., Dublin, CA, USA) [6-8,31-41]. For machine vision applications, PicMan can be
connected with image sensor devices, including USB cameras and digital microscopes, to
acquire snapshot photographs and video images.

For the first set of images, twenty-nine dyed T-shirt images, downloaded from an
internet shopping site [42], were selected as the first test image for color analysis demon-
stration. For the second set of images, an image of methylene blue (MB) solutions, with
different concentrations ranging from 0.1 to 10 ppm, were selected from a publicly available
literature source [23]. For the third set of images, a commercially available AquaChek Color
Chart, which indicates the chemical levels in hot tub water was selected as a quantifiable
set of colors from a chart [43]. Total hardness, total chlorine/total bromine, free chlorine,
pH, total alkalinity, and cyanuric acid levels can be read from the AquaChek test strips
color chart. As the last example of color images, a tongue diagnosis chart [44] used in tradi-
tional oriental medicine (traditional Chinese medicine (TCM, H €, Zhongyi), traditional
Korean medicine ( %}, #/7, Hanbang) and traditional Chinese medicine in Japan (J&7/7,
Kampo)) was selected. A block diagram from image acquisition, color space conversion,
image analysis, and results output is illustrated in Figure 1. A customized system can be
configured with any imaging device and a PC with the image analysis software, PicMan.
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Figure 1. Block diagram from image acquisition, color space conversion, image analysis, and
results output.

Quantitative colorimetric information on individual pixels, lines and regions of interest
(ROIs) in digital images from various sources has been extracted to demonstrate the feasibility
of offline colorimetric analysis with traceability for further statistical analysis. Machine vision
application examples of the colorimetric analysis, monitoring and quality control capabilities
are provided towards the end of this paper. Once this technique is proved to be effective, careful
consideration and optimization should be applied in hardware configurations, illumination,
calibration and optical properties of target objects for reliable results.

3. Results

Color of areas of interest, single pixel to predetermined sizes/shapes of areas from
four different types of objective images were quantified using newly developed image
analysis software, PicMan. The analyzed color information of single pixel to predetermined
sizes/shapes of areas was exported in commonly used color formats in RGB, HSV, CIE
L*a*b*, Munsell color and hexadecimal codes to assist us in image analysis and quality
monitoring/control. The RGB color system is one of many color-defining systems [45-47].
For optical image display in monitoring screen or projection devices, an RGB color system is
used and all colors are uniquely identified as RGB-based hexadecimal color codes. A 24-bit
color signal (8-bit per channel for red, green and blue channels) can display 224 (=16,777,216)
colors [6-8]. The histogram and statistical analysis of extracted color information assists us
in finding correlations between color and input variables/conditions of objects of interest at
the time of image acquisition. Detailed examples using four types of images from different
disciplines are described in the following subsections.

3.1. Dyed T-Shirts

Twenty-nine tie-dye T-shirt images, selected for color analysis demonstration, are
shown in Figure 2. The term tie-dye is used to describe a number of resist dyeing techniques.
The process of “tie-dye” typically consists of a few ‘resist’ preparation steps before tying
(binding) with string or rubber bands, as in folding, twisting, pleating, or crumpling fabric
or clothes. The application of dye or dyes takes place to the tied fabrics. The preparation
steps of the fabric before the application of dye are called ‘resists,” as they partially or
completely prevent the coloring the fabric from the applied dye(s). Tie-dye can be used to
create a wide variety of designs on fabric. Standard and popular patterns of tie-dye are
the spiral, peace sign, diamond. A “marble effect” can be added to beautiful works in this
manner. It is a perfect example of images being enhanced for color analysis demonstration.

Figure 3 shows the twenty-nine tie-dye T-shirt images opened using the image process-
ing software, PicMan, for color analysis. The colorful line intensity graph shows RGB (red,
green and blue) channel brightness as a dotted red vertical line in 256 levels (0-255). The
grey-colored line intensity graph shows the weighted average brightness of RGB channels
of individual pixels on the red dotted vertical line. The weighted average brightness was
calculated using (R + 2G + B)/4, considering the luminosity curve and the color filter array
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pattern used in typical CMOS image sensors [48]. In the Bayer color filter mosaic, each
two-by-two sub-mosaic contains one red, two green, and one blue filter, each filter covering
one pixel sensor [45] for considering the human luminosity factor. Color information of
various ROIs from a single pixels to squares and circles of different sizes were quantified in
various color-describing formats, such as RGB, HSV, L*a*b*, Munsell color and hexadecimal
codes. The color information of any shape and size, for example, an individual tie-dye
T-shirt or an entire image of twenty-nine T-shirts, can be analyzed and exported either pixel
by pixel or as average color in various color formats of choice for further analysis, color
monitoring and quality control.

Examples of color information extraction and RGB intensity line graph across the
line A-A’ on six dyed T-shirt images (far left column of Figure 1) are shown in Figure 4.
The RGB intensity line graph in Figure 2 was plotted using exported pixel-by-pixel RGB
intensity values across the line A-A’.

Table 1 shows the summary of color analysis results on individual T-shirts. The mea-
sured area of individual T-shirts in the image was counted in the number of pixels. The
weighted averages of RGB intensity and their standard deviations of individual T-shirts
were calculated. The average intensity and standard deviation of red, green and blue chan-
nels of pixels within twenty-nine individual T-shirts were calculated. The average HSV
values, average CIELAB L*a*b* values and average Munsell color values were calculated
based on RGB values of all pixels within the individual T-shirt images. In addition, the av-
erage color using the hexadecimal code was determined for easy understanding. The image
analysis software is capable of calculating width, height, circumference, area/circumference
ration, circularity, and many more important parameters to characterize the individual
T-shirts (or any shape and size of ROIs specified). All numbers are unique characteristics
of individual T-shirts regarding the size, shape, and color. These numbers can be used for
finding correlation with statistics of human reaction, impression, preference, etc., towards
the human interface algorithm development, machine learning (ML), artificial intelligence
(Al), psycho-visual modeling, human visual system modeling, product design, and so on.

Figure 2. Twenty-nine dyed T-shirt images (a-ac) are shown for color analysis demonstration.
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Figure 3. Examples of color information extraction of individual pixels and regions of interest (ROIs)

with different sizes and shapes from twenty-nine dyed T-shirt images.
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Figure 4. Examples of color information extraction of individual pixels across the line A-A" on six

dyed T-shirt images in the left column of Figure 1.
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Table 1. Statistical summary of color information on twenty-eight dyed T-shirts. (Mean and standard deviation of brightness and RGB values, as well as average
HSV (for hue, saturation, value) values, CIE L*a*b* values, Munsell color values, hex color codes for average color of individual dyed T-shirts). Intensity means and
standard deviations of red, green and blue channels were shown in representing colors.

Brightness RGB Values HSV Values CIELAB Values Munsell Color Average Color
Area Intensity Intensit Red Red Green  Green Blue Blue
D (Pixel) Mean Y Sthevy Mean StdDev  Mean  StdDev Mean StdDev H S v L a b* h v ¢ Hex Color Code Color
a 24,742 97.1 61.0 100.2 88.8 92.4 81.3 105.0 72.5 280.0 0.12 0.41 40.2 5.7 —5.7 5P 3 4 #645C68
b 21,366 1159 345 87.2 31.7 121.3 37.0 135.2 354 197.5 0.36 0.53 48.8 —84 —11.5 75B 5 2 #577987
c 25,275 136.3 323 205.5 25.5 89.0 36.9 163.1 35.5 3215 0.57 0.80 54.7 54.8 —17.9 2.5RP 5 12 #CD58A3
d 25,365 100.7 55.9 158.0 449 73.2 58.5 99.8 64.1 341.6 0.54 0.62 427 38.1 1.9 10 RP 3 8 #9E4963
e 23,411 109.5 40.7 178.5 51.6 95.3 54.5 70.4 46.9 13.9 0.61 0.70 49.6 31.3 29.2 10R 5 8 #B25F46
f 21,958 155.8 46.4 179.8 58.2 140.0 53.5 164.9 54.8 323.1 0.22 0.70 62.5 18.8 —-7.0 g 8 2 #B38CA4
g 19,368 189.5 25.5 227.8 20.3 214.2 23.2 103.3 42.1 53.7 0.55 0.89 84.7 —9.5 55.6 75Y 8 8 #E3D667
h 23,574 102.6 56.1 81.2 61.6 108.4 67.1 113.7 52.8 189.4 0.28 0.44 43.8 —8.6 —6.0 10 BG 3 2 #516C71
i 24,971 92.7 40.1 102.4 74.1 76.4 46.2 117.3 55.6 278.0 0.35 0.46 36.5 19.3 —19.3 5P 5 6 #664C75
j 22,275 123.7 31.8 35.9 37.9 1394 334 181.7 28.8 197.3 0.81 0.71 54.2 —14.0 —30.2 10B 7 10 #238BB5
k 19,739 1374 36.6 165.0 30.6 131.6 394 122.7 40.4 12.6 0.26 0.65 57.7 11.6 9.8 10R 5 4 #A5837A
1 25,247 929 58.7 65.3 56.0 105.0 58.7 97.9 62.3 168.0 0.38 0.41 414 —16.1 0.0 2.5 BG 4 2 #416961
m 23,587 122.2 46.5 114.5 454 112.7 47.6 150.3 45.8 243.2 0.25 0.59 48.7 9.4 —20.3 10PB 6 2 #727096
n 24,079 89.6 62.3 118.5 76.1 83.7 77.5 74.1 65.2 12.3 0.37 0.46 38.8 13.3 11.1 10R 5 4 #76534A
o 21,736 77.0 439 121.3 75.5 58.1 48.5 71.9 55.9 347.6 0.52 0.47 33.0 28.9 49 7.5 RP 5 4 #793A47
p 24,273 79.3 56.0 117.1 92.3 73.7 72.5 54.1 49.8 18.1 0.54 0.46 35.6 16.5 19.1 25YR 4 6 #754936
q 25,645 102.1 51.5 84.5 62.3 95.0 52.2 135.7 49.5 228.2 0.38 0.53 40.6 6.9 —24.1 7.5PB 5 4 #545E87
T 23,373 116.8 349 100.3 80.0 102.8 45.2 162.8 429 238.1 0.38 0.64 454 145 —32.7 7.5PB 2 8 #6466A2
s 24,780 132.8 28.7 81.2 325 166.1 27.0 119.3 31.0 146.8 0.51 0.65 62.0 —36.9 16.6 5G 7 4 #51A677
t 23,795 1447 24.1 143.8 242 144.1 24.2 148.0 23.8 228.0 0.03 0.58 59.8 0.4 —2.3 7.5PB 6 4 #8F9094
u 22,178 132.8 26.1 97.0 31.7 182.0 22.7 71.8 32.3 106.4 0.61 0.71 66.5 —46.4 47.1 10 GY 8 8 #60B547
v 20,812 164.5 28.9 153.6 63.8 171.6 36.7 162.7 58.5 150.0 0.11 0.67 68.4 —8.1 2.5 75G 7 2 #99ABA2
w 22,275 119.0 46.7 88.0 54.9 109.3 54.5 171.0 46.6 224.8 0.49 0.67 46.9 9.7 —35.6 7.5PB 7 6 #586DAB
X 24,872 143.8 52.0 196.0 68.9 1445 86.4 91.7 56.5 30.6 0.53 0.76 63.6 13.1 35.5 75YR 7 4 #C3905B
y 25,236 125.0 40.3 164.7 30.6 106.0 455 124.6 421 340.7 0.36 0.64 51.2 26.3 —0.7 5RP 4 2 #A4697C
z 25,609 109.0 53.3 161.4 68.9 115.9 734 443 39.6 36.4 0.73 0.63 51.9 11.1 448 10YR 7 8 #A1732C
aa 26,092 183.5 429 206.9 26.6 170.2 52.1 188.3 46.0 330.0 0.17 0.81 732 16.1 —43 25RP 7 4 #CEAABC
ab 23,683 1124 43.1 193.5 39.0 97.9 60.8 61.9 41.6 16.4 0.68 0.76 52.1 35.6 37.7 10R 7 8 #C1613D
ac 23,160 140.8 36.6 88.4 54.9 167.4 414 141.4 51.8 160.3 0.47 0.65 63.0 —30.7 6.0 10G 7 4 #58A78D
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The RGB color model is an additive color model in which the red, green and blue
primary colors of light are added together to reproduce a broad range of colors. For 24-bit
colors, 8-bit brightness (or intensity) information in the range of 0 to 255 is used per color
channel. The CIELAB color space (L*a*b*) is a color space defined by the International
Commission on Illumination (abbreviated CIE) (1976). It expresses color as three values in
a cartesian coordinate. L* is for perceptual lightness and a* and b* are for the four unique
colors of human vision: red, green, blue and yellow. For Munsell color, The H (hue) number
is converted by mapping the hue rings into numbers between 0 and 100. The C and V are
the same as the normal chroma and value. A hexadecimal color is specified with the rrggbb
format, where rr (red), gg (green) and bb (blue) are hexadecimal integers between 00 and ff,
specifying the intensity of the color.

Figure 5 shows RGB intensity histograms of the twenty-nine T-shirt images. The
brightness distribution of RGB values of entire pixels within individual T-shirt images
were extracted and binned from 0 to 255 intensity category. The histogram contains all
information on the color of individual T-shirts. The areas of each RGB histogram curve
should be identical to the number of pixels. The histogram data ignore the X, y coordinate
information of individual pixels of the image. The order of pixels in the image is ignored.
It treats the group of pixels as a totally mixed ‘soup” of RGB pixels with brightness ranging
from 0 to 255. The histogram provides an attribute of RGB brightness population, but it
is very difficult to imagine the resulting color from the histogram. It is useful to detect
saturation and range of brightness used in individual channels.
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Figure 5. RGB intensity histograms of twenty-nine T-shirt images (a—ac).
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For easy recognition, the twenty-nine dyed T-shirt images and their corresponding
average color are shown in Figure 6. When multiple, highly contrasting colors are used,
the corresponding average color does not seem to match our impression (a, f, h,i,n, 0, p, v,
w, X, z of Figure 6). They are calculated from the arithmetic mean of RGB brightness values
of entire pixels. It represents the average color of totally mixed ‘RGB pixel solutions.” In
many cases, simple statistics cannot represent reality, but it can make sense and has its own
value and usage as one of many quantifiable characterization factors.

Figure 6. Twenty-nine dyed T-shirt images and their corresponding averaged color (a-ac).

3.2. Methylene Blue (MB) Solutions

For testing color analysis sensitivity of liquid samples, an image of methylene blue
(MB: Methylthioninium chloride (C14H;3CIN3S)) solutions was adapted from the published
literature [23]. The MB solutions with different concentrations are shown in Figure 5. The
concentration of the MB solution varies from 0 ppm (100% distilled water (DW)) to 10 ppm
(most right) in eight steps. RGB values of 15 x 15 pixel square areas of MB solutions
from 0.1 to 10 ppm were extracted from the image for quantification of color change. The
color change of MB solutions with respect to MB concentration is easily seen. As the MB
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concentration is increased, the red channel intensity is rapidly decreased. The green channel
intensity started to decrease above MB concentration of 5.0 ppm. It coincided with the red
intensity reduction with the increase in MB concentration reported from the smart phone
spectrometer study [23].

Figure 7 shows the corresponding colors of the eight MB solutions with 0 to 10.0 ppm
concentrations. Their RGB intensity and weighted average brightness (intensity) are shown
as line intensity graphs (a partial screen capture image of PicMan) in Figure 8. Trends
of RGB channel intensity as a function of MB concentration can be used to formulate the
relationship between apparent color and MB concentration. Unlike red channel brightness,
both green and blue channel intensities remained meaningful and showed clear trends
above noise level in the entire MB concentration range. The response surface method (RSM)
can be used to find the relationships between MB concentration and RGB intensities of

tested MB solutions.
Sample ID a b C d e f g h

Concentration DW 0.1 0.5 1.0 25 5.0 7.5 10.0 ppm

Figure 7. RGB values of MB solutions from 0.1 to 10 ppm (adapted from [23]. (15 x 15 pixel square
areas were chosen for color analysis).

RGB Intensity MAX 255

Weighted Average '_,__,_,—\ﬁ_B

of RGB Intensity = \_\‘:\_\_G

Weighted
Average

R

MIN 0

FIIEIDENGRONCNEE e f g h
(o3 =i MPW 0.1 0.51.0 2.5 5.0 7.5 10.0[JIy]

Color

Figure 8. Representation of MB solutions from 0.1 to 10 ppm (adapted from [23] color and RGB
values and weighted RGB values extracted using PicMan). The weighted average of RGB values
were calculated by using a formula (R + 2G + B)/4.
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Table 2 summarizes the color of MB solutions with different concentrations in various
color expression formats. All values are averages of 15 x 15 pixel square areas of MB
solutions from 0.1 to 10 ppm, as shown in Figure 7. The color was quantified for objective
analysis. As noticed from the RGB values of MB solutions with different concentrations,
the red channel intensity starts from 161 for 0.1 ppm and decreases with the increment of
concentration. At the concentration between 1.0 and 2.5 ppm, the red component of longer
wavelength photons were absorbed. As a result, almost no red color signal is detected. The
green color intensity remained constant around 175 up to the concentration of 1.0 ppm and
started to decrease its intensity as the concentration is increased. The blue color intensity
remained very strong above 178 for all concentrations and showed the maximum intensity
at around 2.5 ppm. By using this color change with the concentration, the concentration of
MB solutions can be estimated from color analysis results.

Table 2. Summary of color analysis results of MB solutions from 0.1 to 10 ppm in various color
expression methods (RGB, weighted RGB, HSV, CIE L*a*b*, Munsell and Hexadecimal codes).
Representing colors for sample a—h are shown for easy recognition. Intensity of red, green and blue
channels were shown in representing colors.

Sample ID a b c d e f g h
Concentration (ppm) DW 0.1 0.2 0.5 1.0 2.5 5.0 10.0
Representing Color _
R 156 161 154 152 92 1 2 3
G 167 173 176 178 175 164 154 141
RGB Color B 171 178 182 183 187 189 186 178
Average ** 165 171 172 172 157 129 124 115
H 196 197.6 192.9 189.7 187.6 188 190.4 192.7
HSV Color S 0.09 0.1 0.15 0.17 051 0.99 0.99 0.98
\'% 0.67 0.7 0.71 0.72 0.73 0.74 0.73 0.7
L 67.8 70 70.4 70.8 66.9 61.9 58.7 54.3
CIELAB Color a —3.06 —3.18 —6.29 —7.8 —21.91 —26.39 —22.26 —18.15
b -34 —4.01 —5.63 —5.54 —13.92 —22.89 —26.1 —28.26
Munsell-h 7.5B 7.5B 5B 5B 2.5B 2.5B 2.5B 7.5B
Munsell Color \4 8 6 8 8 9 5 7 6
C 2 2 2 2 4 6 8 8
Hexadecimal Color #CA7AB  #A1ADB2  #9ABOB6 #98B2B7  #5CAFBB  #01A4BD #029ABA  #038DB2
Color Code I

** Weighted average calculated using (R + 2G + B)/4.

3.3. Water Quality Inspection Color Chart

Pools and hot tubs require periodic water quality tests to maintain the quality of water
for the health and safety of users. Paper-based test strips are commonly used for water
quality checks. Color change, after dipping a test strip into the testing water, is used as
an indicator for various testing categories, such as the total hardness, total chlorine/total
bromine, free chlorine, pH, total alkalinity, and cyanuric acid levels. A commercially
available AquaChek Color Chart [43], which indicates the chemical levels in hot tub water,
was selected as the color analysis example. The color of the test strip after dipping is
compared with a color chart to interpret the test results and find a remedy for any issue.

Figure 9 shows a commercially available AquaChek Color Chart, which indicates
the chemical levels in hot tub water. A printable AquaChek 7-in-1 Color Chart for a
specific test strip product can be digitally downloaded and referenced for interpretation of
proper test results. The downloaded AquaChek 7-in-1 Color Chart can be printed out on
white filter papers with colored dots to prevent a color shift between a digital file and its
printed chart.
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AQUACHEK 7-IN-1 COLOR CHART
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Figure 9. A commercially available AquaChek Color Chart, which indicates the chemical levels in
hot tub water [43].

There are seven elements to the AquaChek Test Strips. From top to bottom, Total Hard-
ness, Total Chlorine, Total Bromine, Free Chlorine, pH, Total Alkalinity, and Cyanuric Acid
levels are tested and read from the chart. It is based on visual inspection and interpretation
and is subjective to an individual’s color vision.

Table 3 shows the color quantification summary of the AquaChek Color Chart, which
indicates the chemical levels in hot tub water.
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Table 3. Summary of color analysis results of a commercially available AquaChek Color Chart, which
indicates the chemical levels in hot tub water [43]. Intensity of red, green and blue channels were

shown in representing colors.

R G B Average ** H S \% HexCode Color Remarks
Pre Test 64 13 160 775 250.8 073 063 #102BA0 Pre Test
0 1 25 146 50.0 231.1 097 057 #041992
100 39 56 71 805 232.3 077 067 #2738AB
Total Hardness — 350 6 3 158 775 252.0 073 0.62 #2289 |  OK
500 135 59 158 102.8 286.1 063 062 #873B9E OK
1000 145 32 139 87.0 303.2 0.78 057 #91208B High
Dre Test 188 220 150 1945 874 032 086 #BCDC9% Dre test
0 254 255 168 233.0 60.7 0.34 1.00 #TELTAS
Total Chlorine 05 241 254 71 230.0 694 033 .00 #TIFEAB
(ppm) Total 1 232 246 159 220.8 69.7 035 096 #EST6IT OK
Bromine 3 185 216 139 189.0 842 036 085 #BIDSSB Ideal
5 146 197 21 1653 1003 039 077 #92C579 OK
10 77 162 97 1245 1341 052 064 #1DA261
Pre Test 184 160 226 1825 261.8 029  0.89 #BSAOE2 Pre Test
0 254 253 206 2415 58.8 0.19 1.00 #FEFDCE Low
) 05 246 249 228 2430 68.6 0.08 098 #TGLOEA Low
Free Chroline 1 231 223 217 2235 25.7 0.06 091 #E7DFD9 Poor
(ppm) 3 173 139 208 164.8 269.6 033 082 #ADSBDO Spa OK
5 159 106 189 140.0 2783 044 074 #9FGABD Spa OK
10 128 29 153 848 287.9 0.81 0.60 #801D99 High
Pre Test 225 79 37 105.0 134 084 088 #E14T25 Pre Test
6.2 242 174 63 1633 37.2 074 095 #T2AE3E Low
6.8 235 106 15 1230 9.3 0.81 0.92 #EBGA2D Low
pH 72 227 54 37 93.0 54 084  0.89 #E33625 OK
78 224 15 33 86.8 3.8 085 088 #E02D21 N OK
84 214 15 34 845 3.7 084 084 #D62D22 [ High
Dre Test 91 116 71 985 933 039 045 #5B7447 [ Dre Test
0 229 190 66 168.8 156 0.71 0.90 #ESBEA2 Low
o 10 163 168 53 138.0 62.6 068 066 #A3A835 Low
Total Alkalinity 80 138 158 60 1285 722 062 062 #AIE3C | OK
(ppm) 120 73 0 57 875 101.9 048 043 #496E39 OK
180 35 32 13 61.8 136.6 057 032 #235230
240 35 33 98 773 1895 064 038 #235862
Pre Test 205 99 37 110.0 221 082  0.80 #CD6325
0 229 136 19 1375 29.0 079 090 #E58831
Cyanuric Acid __ 30-50 207 93 38 107.8 195 0.82 081 #CF5D26 L
(ppm) 100 190 38 32 745 23 083 0.5 #BE2620 N OK
150 177 37 124 93.8 3227 079  0.69 #81257C [  High
300 121 27 127 755 296.4 079 050 #79187F |  tigh

** Weighted average calculated using (R + 2G + B)/4.

3.4. Tongue Color

As an effective alternative medicine, oriental medicine (called by different names in
different countries: traditional Chinese medicine (TCM, H[%, Zhongy1i), traditional Korean
medicine (3H}, /7, Hanbang) and traditional Chinese medicine in Japan ({7, Kampo))
utilizes tongue diagnosis as a major method to assess the patient’s health conditions. Oriental
medicine doctors examine the color, shape, and texture of a patient’s tongue [12-20,44].
Tongue color, shape and texture can give the pre-disease indications without any significant
health problems or disease-related symptoms. It provides a basis for preventive medicine
and useful advice to a patient for lifestyle adjustment. However, traditional tongue diagnosis
by visual inspection has limitations, as the inspection process is subjective and inconsistent
between doctors. To provide more consistent and objective health assessments through tongue
diagnosis, quantification of tongue color and texture from digital images seem to be a very
attractive approach. Many researchers have reported their ideas and approaches, and they
seen very encouraging results for years [12-20,44].

Figure 10 shows a sample tongue image from an acupuncturist’s site [44] and color
analysis results using the color analysis of ROls. Figure 10a,b are sample tongue photos of
a patient. The tongue photos are covered with a tongue chart used in oriental medicine.
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Figure 10c,d are areas of each section with a number of pixels and a tongue repainted by
representing average colors with corresponding hexadecimal color codes of the individual
sections. The color difference between (a) and (d) can be used to quantify color variation and
texture of a real tongue from image-based color quantification. The average tongue color
can also be identified after image processing and used for tongue color-based diagnosis
of a patient’s health conditions. Since the authors are not medical doctors, they cannot
diagnose health conditions of the patient. However, the quantified color information can
be very useful for medical doctors to standardize their experience-based knowledge into
verifiable datasets. Table 4 summarized the color analysis results of a sample tongue photo
of a patient [44] by section in various color expression formats.

il e <
‘ s ¥
Sk % .

Kidney, Bladder, Intestines

D

L a1 -
S
iy 1
A 15115 B Iy
11939 R ool [ 12972 H#E39696 #D78182 #E08785
Pixels SEA T Pixels
19641
#D67A7B

5495
Pixels

Figure 10. (a) A sample tongue photo of a patient, (b) a tongue chart used in oriental medicine, (c)
areas of each section, and (d) a tongue repainted by representing average colors with corresponding
hexadecimal color codes of individual sections of a tongue.
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Table 4. Summary of color analysis results of a sample tongue photo of a patient [44].

Area Red Green Green Hexadecimal Color HSV CIELAB Munsell Color
No. Region of Interest (Pixel

ixel) Mean Min Max Range Stdev Mean Min Max Range Stdev Mean Min Max Range Stdev Hex Code Color H S \4 L* a* b* h vV C
1 Heart 5495 202.6 17 227 180 30.9 105.7 81 217 136 127 106.1 67 230 163 18.0 #CA6%A I 3594 048 0.79 55.8 385 171 25R 7 6
2 Tung 19,641 2145 7 244 197 241 1223 82 217 135 2.0 1233 82 230 148 13.0 #D67A7B 359.3 043 0.84 613 3538 152 25R 7 6
3 Spleen, Stomach 11,939 2158 7 252 205 39.7 129.7 82 220 138 165 130.9 38 230 42 158 #D78182 3593 04 0.84 63.1 333 38 25K 7 6
4 Liver, tﬁg’)hdder 49,115 227.7 47 255 208 21.0 1503 82 25 143 17.7 150.1 113 230 117 174 #E39696 0 034 0.89 69.7 29.0 120 5R 6 2
5 L“’er'(gi‘“;ﬁ])‘“dde’ 12,972 2044 47 255 208 218 135.4 82 217 135 157 1335 87 230 143 160 #E08785 13 041 0.88 65.6 338 157 5R 6 10

Kidney,

6 Bladder, 28,219 205.0 47 255 208 325 129.5 2 217 191 289 126.9 29 230 201 29.9 #CDSI17E 23 039 08 61.8 29.0 140  25R 8 4

Intestines
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Zhang et al. proposed an in-depth systematic tongue color analysis system including
a tongue image capture device for medical applications in 2013 [18]. A tongue color
gamut was used in the study. Tongue foreground pixels are first extracted and assigned
to one of 12 colors representing this gamut. The ratio of each color for the entire image is
calculated and forms a tongue color feature vector to suppress subjectivity and significantly
improve the objectivity of tongue color determination. A relationship between the health
condition of the human body and its tongue color has been demonstrated using more than
1054 tongue images of 143 healthy patients and 902 patients with health issues. The patients
with health issues were classified into 13 disease groups of more than 10 tongue images
and one miscellaneous group. This study has reported that a given tongue sample can be
classified into one of two classes (healthy and disease) with an average accuracy of 91.99%.
Moreover, disease tongue images can be classified into three clusters, and within each
cluster, most of the illnesses are distinguished from one another. In total, 11 illnesses had a
classification rate greater than 70%. These results in colorimetry were very encouraging for
oriental medicine.

A Precise and Fast Tongue Segmentation System Using U-Net with a Morphological
Processing Layer called TongueNet has been reported by a research group of the University
of Macau [19]. Quantification of tongue color using ML has been reported by Japanese and
Malaysia-Japan international research groups [17].

4. Discussion

The characteristics of a color are determined by three different elements in the HSV
color space: hue, chroma (saturation) and value (luminance). Hue is the most recognizable
characteristic of a color and most people refer to hue as color. There are an infinite number
of possible hues and would be difficult to precisely describe with words in any languages.
Chroma refers to the purity and intensity of a color. High-chroma colors look rich and full,
while low-chroma colors look dull or pale. Value is the lightness or darkness characteristic
of a color. Light colors are often called tints, and dark colors are often referred to as shades.
Personal impression is very subjective, and verbal expression of personal impression is not
suited for precise description of color. For objective characterization of color, quantitative
characterization of color is required.

The quantification capability of color information can be very useful for color monitor-
ing, color control, machine vision, ML, Al-based algorithm development and smart phone
app development for daily life and sophisticated applications. For accurate color quan-
tification, illumination and image acquisition methods have to be optimized in addition
to the image processing algorithm development. Medical image processing and analysis
became a very active research field [11-20,38,41]. Image classification, deep convolution
(DL), deep learning and ML examples and their approaches have been reported [49-52]. A
DL neural network used for image classification is an important part of DL and has great
significance in the field of computer vision towards medical image analysis and diagnosis
applications. It would help us to navigate realistic directions for the development of ML,
DL and Al-based algorithms for medical applications.

The quantitative colorimetric analysis technique has been extremely useful for digi-
tal forensic studies of cultural heritage identification processes, in identifying particular
printing techniques through ink tone analyses and character image comparisons [53-56].
The world’s oldest metal-type printed book (The song of enlightenment (75 FH % Ffl i) RHE
JE#K) in Korea in 1239) has been identified by comparing six nearly identical books from

Korea from the 13th to 16th centuries, the Jikji (I f5) printed in 1377 and the Gutenberg
42-line Bible printed in 1455 using this image analysis technique. Diagnoses of the conser-
vation status of painting cultural heritage and color fading characteristics of pigments were
also very promising [7,8]. Many other applications based on color and shape extraction
techniques using newly developed image processing/analysis software (PicMan) were
introduced [57]. Image processing software applications combined with imaging devices
have been reported in previous papers [6,31,38,56].
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5. Conclusions

The concept of an image-based colorimetry technique has been introduced. Due to
the wide availability of smart phones with image sensors and increasing computational
power, a smart-phone-based, low-cost colorimeter has become a very attractive tool. The
low cost and portable designs with user-friendly interfaces, and their compatibility with
data acquisition and processing, make a perfect fit for interdisciplinary applications in
a wide range of fields. Some examples are from art, the fashion industry, food science,
medical science, oriental medicine, agriculture, geology, chemistry, biology, material science,
environmental engineering, etc.

In this study, the image-based quantification examples of color using specifically de-
veloped image processing/analysis software were described. The feasibility of machine
vision and offline applications in interdisciplinary fields using software was demonstrated.
Examples of color information extraction from a single pixel to predetermined sizes/shapes
of areas, including customized ROIs from various digital images of dyed T-shirts, color
chart, assays, and tongues, are demonstrated. Conversion between RGB, HSV, CIELAB,
Munsell color, and hexadecimal color codes for extracted colors from a single pixel to ROIs
were demonstrated. The capability of color extraction and color conversion between differ-
ent color spaces is very useful for machine vision and offline applications in various fields.
Histograms and statistical analyses of colors from a single pixel to ROIs are successfully
demonstrated using four different fields of applications.

Flat colors, colors with textures, segregated colors, and totally mixed colors appear
very different to the human eye depending on the individual’s perception. Color-based
judgments by humans are very subjective. The judgments are strongly dependent on the
examiner’s vision, experience and knowledge. We were able to demonstrate image-based
color quantification techniques using newly developed image processing software for
various fields of applications.

Reliable image-based quantification of color, in a wide range of potential applications,
including ML, Al, algorithm development and new smart phone app development, are
proposed as realistic tasks to be worked on. The successful development and demon-
stration of image-based quantification of color of any size and shape of interest, using
specifically developed software, makes customization easier for new applications that
require quantitative colorimetry.
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