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Graphical abstract Abstract

Ruby is one of the most popular and high-value gemstones that always attract the
gemologist and jeweler in the diamond market. The wide use of ruby in various
industries makes the grading of this gems more complicated due to a lot of synthetic
and imitation rubies are made. The current grading techniques are mostly depending on
the human visual assessment which prone to errors. This paper proposes a system that
helps in grading the clarity characteristic of the ruby in non-invasive manner. The system
includes a charge-coupled devices (CCD) and laser that is designed in the most suitable
and effective way to conduct inspection on the light intensity of the ruby which will then
determine the clarity of the ruby. CCD linear sensor is widely known as the reliable
sensor especially when use in the optical system. The CCD linear sensor capture the light
intensity from the ruby and convert it into the voltage value. The result shows a value
Conclusion . o " a of 1.7918 V obtained from the CCD linear sensor when ruby is placed in the system. This
; concludes that the CCD system can detect even slightest changes in the light intensity
that can pass through the ruby and falls on the CCD linear sensor. The system is proven
to be a reliable and effective system with 80% accuracy.
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1.0 INTRODUCTION

Ruby is one of the most popular gemstones and have been
cherished since long time ago [1]. It is from the class corundum,
made of various chemical compound mainly the Iron (Fe) and
Chromium (Cr) that make the color appear as red [2]. The ruby
has widely been used as jewelry, laser and applied in various
industries such as medical industries, jewelry industries and
many more. Due to its significant optical properties, such as
having high hardness (9 on Mohs scale), strong, have stable
chemical and thermal properties, high insulation and optical
transparency is an advantage for modern technological
applications which is applied in lasers, optoelectronics,
temperature sensors and precision machinery devices [3].

The grading of ruby is not as simple as grading the gold, silver,
and bronze as it requires very detail inspection. The diamond
trade system developed the grading system for diamond and
colored stone which also include ruby based on 4Cs (color,

clarity, cut and carat weight) that is very important for market
demand value [4]. Currently, there is no standardized grading
technique for grading the ruby [5]. The current grading
techniques are basically depending on the human eyes’
inspection by the experienced gemmologist [2]. The
International Gem Society stated that the must-have tools in the
gemology laboratory are a loupe and microscope to magnify the
gemstone, refractometer to measure the refractive index,
birefringence, and optical characteristics of gemstones,
dichroscope, polariscope, and spectroscope. These tools are
usually used together with other miscellaneous tools, such as
the jeweler’s eyes, diamond detectors, and hardness sets [6].

In addition, the Gemology Tools Professional is a software
that stores more than 500 databases of various gemstones in
various properties [7]. These databases are used together with
the human eyes’ inspection to determine the grade of the
gemstones. This current technique is prone to errors as it
depends highly on the human visual inspection.
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Since the ruby is very hard to be found, synthetic rubies are also
made in laboratories [8]. This leads to more complicated grading
process as the synthetic rubies made are almost similar to the
original rubies extracted from the Earth. The gemologist had a
harder time in determining the ruby grade due to this situation.
To improve the current grading technique, a new quantitative
grading technique is proposed. A charge-coupled device (CCD)
linear sensor is used that provides non-invasive grading
inspection [9] to the ruby as it does not need to disturb the
internal composition of the ruby physically and chemically. The
CCD linear sensor analyze the light distribution characteristic of
the ruby and convert the light intensity value into voltage value.
This paper provides a brief overview on the non-invasive grading
technique for ruby gemstone by using CCD linear sensor.

The CCD linear sensor have been widely used in various
industries especially in industries that involves optical system
[10]. The astronomy, photography, medical, scanners and many
more used the CCD as the sensor as it provides high resolution
photos, low noise, and also low power. CCD is applied in
telescope, cameras, scanners, X-ray computed tomography (CT),
MRI scanner and many more [10, 11, 12, 13, 14]. Furthermore,
CCD sensor is also very competent in detecting transparency of
objects according to the experiment conducted by previous
researchers [11, 12, 13].

To do inspections on gems, the steps involved are analyzing
the chemical composition, determining the natural or synthetic
gems, screening for enhancing treatments, grading and
sometimes involves determining their geographic origin [14]. All
the data should be retrieved by using non-invasive and non-
destructive procedures to avoid destroying and damaging the
gems.

Since the CCD linear sensor is a sensor that is very sensitive to
light [15, 16, 17, 18], this sensor is the most suitable sensor to
analyze the light distribution in the ruby. CCD linear sensor is
best combined with the laser because it provides exact accuracy,
high sensitivity and reading distance stability [13, 19]. The
concept of this research is by analyzing the clarity of the ruby
based on how much light can pass through it using CCD linear
sensor.

This research analyzes the characteristic of light distribution
in rubies for grading valuation. The experiment is set up in an
optimal condition for the CCD linear sensor to work efficiently.
The temperature, light intensity, and input voltage source of the
CCD linear sensor are the main conditions needed to be
maintained at the optimum condition so that the CCD linear
sensor does not become saturated and produce undesirable
results. Simulations and experiments have been developed to
investigate the light intensity received by the CCD linear sensor
from the ruby. The light propagation conditions involved in this
research—light reflection and absorption—are analyzed
mathematically using the LabVIEW software. Then, the light
intensity data received by the sensor, which is represented by
the CCD output voltage, is statistically analyzed using the
Minitab software. These data determine the clarity of the ruby.

2.0 METHODOLOGY

Essentially, a suitable environment is prepared to prevent the
CCD linear sensor from being saturated. The CCD linear sensor
requires relative humidity to be within 65%-85% and the

temperature to be within 25°C-33°C [18]. Similarly, the laser is
maintained at 0.5 lux for optimum CCD linear sensor working
conditions [16]. The CCD system is designed in a dark area where
the laser is beamed towards the CCD linear sensor and the ruby
is placed in between the laser and the CCD linear sensor. The
dark area is maintained at the minimum external light to
enhance the accuracy of the CCD so that the CCD receives the
highest intensity of light from the ruby.

Light source from low m CCD linear sensor
power laser U

Clock Start

Pixel data
storage

Oscilloscope Arduino Uno Microcontroller

Figure 1 Block diagram of CCD linear system to inspect the ruby

The overall block diagram of the CCD system is shown in
Figure 1. As the laser is beamed towards the CCD linear sensor
and passes through the ruby, the light from the ruby will fall onto
the CCD linear sensor. The CCD linear sensor analyze the light
received and convert the amount of light captured into a voltage
value. The Arduino Uno Microcontroller is used to design the
system. The final voltage value is displayed on the oscilloscope.

The mathematical modelling for the light reflectance and light
attenuation are developed first to obtain the theoretical light
intensity of the ruby. Light reflectance is considered in this
experiment as the light from laser may be reflected away once it
hits the ruby surface. While the light absorbance is the light that
successfully pass the ruby [20, 21].

Light Reflectance

Light reflectance is considered as energy loss as the light is
reflected away from the ruby. The reflected light will not be the
effective light and will be excluded from the finalized data from
the CCD linear sensor [17, 21].

Mg —Ty z
Mg+,

Ifin-:a! reflectance — L — III' ( (1)

The final light reflectance is represented by the above
equation 1 where the [; is the initial light reflectance, 4 is the
transmitted refractive index and n, is the incident refractive
index. As the incident angle of the incident ray increases, more
light is reflected resulting in the reducing amount of light
emitted through the ruby. The light reflectance equation is
simulated in the LabVIEW software as in Figure 2.
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Figure 2 LabVIEW simulation of the light reflectance equation
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Light Attenuation

Another situation involved in this experiment is the
light attenuation. The light is attenuated or absorbed into the
ruby when the light pass through the ruby. the light attenuation

is represented by the following equation 2.

lour = fme—ax

(2)

Where a is the linear attenuation coefficient and x is the
distance of the light traversed. The attenuated light is the
effective light that will be analyzed. Light is attenuated and
converted into energy when passing through the ruby. Along the
optical path, the output light intensity is attenuated
exponentially according to the Beer-Lambert Law [17, 21]. The
LabVIEW simulation for the light attenuation equation is shown

in the Figure 3 below.

coefficient value, a

distance of light transverse, x

Figure 3 LabVIEW simulation of the light attenuation equation
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The final voltage value obtained from the mathematical
modelling simulation involving both light reflectance and light
attenuation is 1.9941 V. The theoretical voltage value is then
compared with the actual voltage value obtained from the

experiment.

The experiment is set up in a dark condition as in Figure 4. As
shown in the Figure 4, the red laser is beamed towards the CCD
linear sensor and the ruby is placed just above the CCD linear
sensor. The light from the laser that pass through the ruby is
then fall onto the CCD linear sensor. The CCD linear sensor
analyses the light intensity received and convert it into voltage
value. The data of the voltage value is shown on the oscilloscope.

Figure 4 Experimental setup of CCD linear sensor system in dark condition

3.0 RESULTS AND DISCUSSION

A number of 600 data for each condition are taken into
consideration and the mean data of each condition is analyzed.

The reference voltage is taken when the experiment is
conducted in the laser on and off condition when the ruby is not
in the system. The reference voltage is used as the reference
point for the data when the ruby present in the system. The
voltage in the Table 1 is the reference voltages taken in the laser
on and off condition without ruby in the system.

Table 1 The CCD voltage output and light intensity in the laser condition
off and on

Condition CCD Voltage Output (V) Light Intensity (Ix)

of Laser
Off 4.282 0
On 1.583 1

&1 Boxplot of CCD Voltage Output (V)_3
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Data Distribution of Laser OFF Condition Without Ruby
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Figure 5 Data distribution of CCD output voltage on laser off condition

€1 Boxplot of CCD Voltage Value (V)
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Figure 6 Data distribution of CCD output voltage on laser on condition

Figure 5 and Figure 6 show the distribution of data in the laser
off and on condition respectively. From the data obtained, it can
be concluded that the CCD linear sensor executes higher voltage
value in dark condition or low light intensity. Otherwise, when
the CCD linear sensor detect higher light intensity, the voltage
executed is lower.

The intensity of the laser is proportional directly to the CCD
output voltage. The graph in Figure 7 represents the voltage
output of the CCD versus the light intensity of the laser. Based
on this graph, it can be presumed that the CCD voltage output is
inversely proportional to the intensity of the laser with a -2.6983
gradient and an interception value of 4.2817 with a zero-light
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intensity. The following equation 3 interprets the relationship
between the CCD voltage output and the light intensity.

CCD Voltage Output (V) vs Light Intensity
W37

1:5834

CCD Voltage Output {V)

|
|
|
|
|
| V=-2.69831+4.2817
|
|
|
0

0.2 04 0.6 0.8 1 12
Light Intensity

Figure 7 The graph of CCD voltage output against light intensity
V=-2.60831+ 42817 (3)

The same procedure is done in the condition where the ruby
appear in the system. This procedure involves the condition
where light propagates from air into the ruby. This situation
involves the ratio of refractive index between air and ruby as the
light travels from air into the ruby. The incoming light intensity
(/) is reduced at the first surface of the ruby due to the reflection
at the air and ruby interface.

The Table 2 shows the theoretical value of the light intensity
and the theoretical CCD voltage output gained by using the
equation 1, equation 2 and equation3.

Table 2 The CCD voltage output and light intensity in the air-to-ruby light
propagation

Condition of CCD Voltage Output (V)
light
propagation
Air/Ruby 1.9941 0.8478

Light Intensity (Ix)

When ruby is in the system with laser in an OFF condition, the
data show a slightly lower voltage value, as shown in Figure 8.
This indicates that the ruby itself produces its own fluorescent
light due to the reduction of chromium and the presence of iron,
as mentioned by previous researchers [22]. Furthermore, this
situation also proves that the CCD can detect even small changes
of light intensity in the system [23]. The box plot in Figure 8
shows the distribution of CCD voltage value when ruby is in the
system with laser condition OFF.

Boxplot of CCD Voltage Qutput (V)

OCD Voltage Output (V)

i}

Figure 8 Data distribution of CCD output voltage on laser off condition
with the presence of ruby in the system

In the condition where the laser is ON, the data shows a much
lower value of the CCD output voltage as in Figure 9. This implies
that the CCD linear sensor receives much more light intensity
since the laser is in ON condition. The box plot in Figure 8 shows
the data distribution of CCD output voltage when a ruby is
present in the system with laser ON condition.

Boxplot of CCD Voltage Output Value (V)_4

X} w s

OCD Voltage Output Value (v)_4
-

Figure 9 Data distribution of CCD output voltage on laser on condition with
the presence of ruby in the system

According to the Minitab 16 software, the best way to prove
that the means of two samples, whether they are significantly
differing, is by using a 2-sample t-test. In this experiment, the
mean of ruby’s presence in the system is compared with the
mean of ruby’s absence in the system in both laser off and on
conditions. So, the 2-sample t-test is the best technique to
analyze the data.

Figure 10 shows the t-test for the mean sample of data in the
condition of laser off with the presence and absence of ruby.The
null hypothesis for this t-test is that the mean CCD voltage
output value when the ruby is not in the system in the laser OFF
condition is equal to the mean CCD voltage output value when
the ruby is in the system in the laser off condition. Alternatively,
the alternative hypothesis for this t-test is that the mean CCD
voltage output value when the ruby is not in the system in the
laser off condition is not equal to the mean CCD voltage output
value when the ruby is in the system in the laser off condition.

2-Sample t Test for the Mean of With Ruby and Without Ruby
Summary Report

Statistics With Ruby  Without Ruby
500 500

Mean Test
Is With Ruby less than Without Ruby?

9 005 01 >0.5 3.8928 42817

(3.887, 3.898)  (4.2751, 4.2883)

0.08086+ 0.098134

Yes No

P =0.000
‘The mean of With Ruby is significantly less than the mean T e 0.38907
of Without Ruby (p < 0.05) 90% CI (-0.39761, -0.33052)
= The difference s defined as With Ruby - Without Ruby.
90% CI for the Difference
Does the interval indude zero?

T
H

| - i Commen s
i

—Test: You can condude that the mean of With Ruby is
less than Without Ruby at the 0,05 level of significance.

~ CIs Quantifies the uncertainty assediated nith estimating

from sample data. Ve
Distribution of Data that the true difference is betieen -0, 3976 1 and -0.38052.
Compare the data and means of the samples. - Distribution of Data: Compare the location and means of
W Ruby samples. Look for unusual data before interpreting the

resuits of the test.

0.4 0.3 02 0.1 0.0

Vithout Ruby

Figure 10 Summary of T-test on the laser condition off with and without
ruby in the system

From the t-test summarized in Figure 10, it can be concluded
that the mean of data with the ruby is lower than the mean data
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obtained without the ruby with a 0.05 level of significance.
Hence, the null hypothesis is rejected as the P-value is less than
0.05. Confidence intervals give a range of values that the result
occurs within the population. The t-test above shows a 90%
confidence level with the confidence intervals of different values
between the data with ruby and without ruby is in the range of
0.3976 and 0.3805. This means that when the experiment is
repeated, 90% of the time, this result will occur.

Figure 11 represent the t-test result that summarize the data
obtained from the CCD linear sensor system in the condition of
laser on with and without ruby in the system. The null hypothesis
for this t-test is that the mean data of the CCD voltage output in
the laser on condition with the ruby in the system is equal to the
mean data of the CCD voltage output in the laser on condition
without the ruby. Whereby the alternative hypothesis is that the
mean data of the CCD voltage output in the laser on condition
with the ruby in the system is unequal to the mean data of the
CCD voltage output in the laser on condition without the ruby.

2-Sample t Test for the Mean of With Ruby and Without Ruby
Summary Report

Statistics With Ruby  Without Ruby
Is ith Ruby greater than Without Ruby?
I L Sample size: 500 500
[ o5 o s Mean L7918 15834
Yes| No 90% CI (1.791,1.793) (15818, L.5850)
Standard deviation 0.018005 0024511
P =0.000
The mean of with Ruby is significantly greater than the o 0.20843
mean of Without Ruby (5 < 0.05) 0% (©0.20639, 0.21048)
*The difference is defined as With Ruby - Without Ruby.
909 C1 for the Difference
Does the interval indude zero?
T
H .
‘ ! Comments
i
e T o e T ~Test: You can conclude that the mean of With Ruby is
greater than Without Ruby at the .05 level of significance
~CI: Quantifies the uncertainty associated with estimating
the difference from sample data. You can be 50% confident:
Distribution of Data thatthe true difference is between 0. 20639 and 0. 21048,

SRR e T T ~Distribution of Data: Compare the location and means of
With Ruby samples, Look for unusual data before interpreting the
Vkhout Ruby

H results of the test,

134 15 160 168 176 184 102

Figure 11 Summary of T-test on the laser condition on with and without
ruby in the system

From the t-test summarized in Figure 11 it can be concluded
that the mean of data with the ruby is significantly higher than
the mean of data without the ruby with a 0.05 level of
significance. Hence, the alternative hypothesis is accepted
because the P-value is less than 0.05. The t-test above shows a
90% confidence level with the confidence intervals of difference
value between the data with ruby and without ruby is in the
range of 0.2064 and 0.2105. This means that when the
experiment is repeated, 90% of the times this result will occur
and the difference value between the condition with ruby and
without ruby will fall in between the range 0.2064 and 0.2105.

Table 2 Theoretical and experimental value of CCD voltage output

Theoretical Value (V) Experimental Value (V)
1.9941 1.7918

The accuracy test is conducted by comparing the theoretical
and experimental value of the CCD voltage output using the
accuracy formula as in equation 4. The system shows 80 percent
of accuracy which means that the system is reliable on detecting
the light intensity in ruby, hence it can also evaluate the clarity
of the ruby.

. Theoretical value—Experimental value
Relative accuracy, 4 = 1 — I I

Theoretical value |

1.9941 —1.7918

Relative accuracy, 4 =1 — 1.9941

Relative accuracy, A = 0.7977

4.0 CONCLUSION

This research outlines a CCD system that results in a quantitative
value of clarity characteristic of ruby specifically on the light
intensity of the ruby. This method is non-invasive, which
provides an advantage to the gemologists and gemstones
appraisers as it will not disturb the internal composition of the
ruby and does not damage the ruby. The CCD system, which
consists of CCD linear sensor and laser is believed to be a reliable
and compatible system that is helpful in the grading process of
gemstones especially in ruby. The optimum condition prepared
for the CCD linear sensor produced accurate result with 80%
accuracy. The system also come out with a quantitative value,
which is less prone to errors compared to the current techniques
that mostly depend on the human vision. Hence, this system can
help the gemologist and other people that is not specialized in
gemology to analyze the clarity of the ruby in a more
standardized and accurate method and help them in in
determining the ruby grades accurately. The CCD linear system
is believed to be a reliable and accurate system in validating
other gemstones because other gemstones also graded
according to the 4Cs characteristics.
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