CHAPTER 4

RESULTS AND DISCUSSION A)

This chapter explains, describes, and highlights this stud Xp imelits. This chapter

4.1 Introduction

also presents results and discusses observations using D to ystem for

L ]

grading and determining the valuation of the clarity ruby stones, it'l th, Yl;) of
-

m

the CCD linear sensors and the LabVIEW pro ) P \‘,T
The results presented in this chapter focused,on thz folk\wNints: Lo

1. Analyzing the ability of the C@graphy to é&rentiate between
different refractive indices by stone %nu tion,model.
y : D :
ii.  Analyzing the CCD to y system’ erfo@ce when grading ruby

stones with and withoMerals mitter vAa simulation model.

| N
hy skr@ability to validate the optical

by

iii.  Analyzing thefC mogr.
. s {Y . .
properties ows n ‘B’da{ froméﬁ_ej imulation and experimental.
The researc@/lini Waréo;%u' statistical calculations and analysis. In
!
¢
this study, the chers used ¢ tftes tcchalidate the no. of pixels in the reconstructed

image t%kre th‘o b%d (po@tion) mean value with the experiment sample

mea&e own in the third Y;is in this chapter.
N

\Fhe two-sample t-test is for cases of unknown variance to determine whether an
uftknown population mean is different from a specific value, and the samples are
independent (Glen, 2022; Jamaludin, 2016; Stuart & Ross, 1988).

80

s



The Z-axis represents the pixel values based on the reconstructed images of the rubies.

This method was chosen to evaluate the optical properties of ruby stonewy
due to existing studies. These extant studies showed that the CCD tomogr%\stem
was the best tool for analyzing the Z-axis as it could differentiate betw& different
transparencies of the measured objects (Jamaludin, 2013b, 2016; Jamalddin et al., 2014,

2015, 2020; Jamaludin, Abdul Rahim, et al., 2016; Jamaludigim, Rahim, et al.,

.o

4.2 Analysing the Ability of the CCD To@y Syste ﬂif@tiate

between Different Refractive Index Values T \ N
This study obtained simulation reiw nn

This simulation was conducted to revi%

a ruby stone to a CCD sensor. The %intensity\w&e
€

of the LabVIEW simulation w. dicator. St 's‘tica@ysis was also conducted
to determine the ability of t?%\om phy ysteﬁ distinguish between different
types of image reconst% stem‘s' tith 'géze;al values of ruby stones.

Here, the r w disc*ss\d com two different image reconstruction
systems develo@g the
value of m@was /77‘l

the e ‘dneth@ogy, two types of image reconstruction systems

N
ssed;
N "
3 mage reconstruction for System A (laser-ruby stone-CCD)

Qﬂs Image reconstruction for System B (ruby stone-CCD)

2017; Jamaludin & Abdul Rahim, 2016).

lig@ it travels through

m’{o ler, while the results
N

'nes' ]é)&lst and highest RI values. The highest RI

ilgtheff?west RI value was 1.762 (Fuller et al., 2014).
N\~
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The t-test analysis validated the CCD tomography simulation system using
LabVIEW to distinguish between ruby stones based on their refractive indices. -

test determines whether an unknown population mean differs from a speci%\, and

the hypotheses of this analysis were: A

Hy: Mean of ruby stones with lowest refractive index = Mean of eubz nes with highest
refractive index.

Hj: Mean of ruby stones with lowest refractive index # of ru Wz‘h highest

X
refractive index. é ’ _\(}
s N
The null hypothesis (Ho) proposedw CCD tomograp stem did not

detect differences when measuring \%wst and est @Meanwhile, the

alternative hypothesis (H;) suggest@here is a\feﬁg %nc : é

e L)

“« Q-

% RN

4.2.1 Image Reconstructi yT A ‘é\
for Sy

The image rec%t n for Syste JA i@played in the block diagram in

Figure 3.7. Table 4 vides tt)e
the final light inﬁit atio
¢

s,int of its image reconstruction based on

ge o0 of the CCD.



Table 4.1: A Comparison of Different RI Values for The Ruby Stone (System A)

n
Characteristic Lowest Refractive Index \C,)\ Highest Refractive Index
Refractive Index of Ruby
Stone (M. Fuller, B. W. 1.762 1.770

Smigel, J. I. Koivula, 2014)

. o . .1
Final light intensity ratio 11

L

V=-2.781+43

Three-Dimensional form

Z-axis > 572.28

=574




For the 3D images form in this chapter, there are 3 axis that will appear which

are X, y and z-axes. The conceptual modeling for the grading of ruby stone isw

from the Z-axis, which represents the grading clarity of each RI depicte@mby

stone (Jamaludin, 2016; Mohd Rahalim et al., 2021). The Z-axis Valuef%wn by the
bar graph at the right side of the picture; it represents the pixel Vale based on the
reconstructed images of the rubies. The pixels value was Variqe Won the RI of the

ruby stone.

4.2.2 Statistical Analysis of the Image Recon@ for Syste ' _\C}
i A

The statistical analysis of the image re thlJ{
sample t-test since the sample data is ind 3:
Besides, the two-sample t-test is used t&whethe
are equal. The mean result from t%ctiveﬁ\%e th, @e for the lowest and

E o)

not @population means

highest RI of ruby stone are an validate theé hypo s for this simulation.

As shown in Figure% a\I
the mean low RI Value% 09. T
6.26. The system s w a p-1a

was rejected fordthe imége r

o@igher RI was 515.35, while
re&lcgtween the two mean values was
, whi as <0.05. Thus, the null hypothesis

tion @ﬁ%m, which included the laser-ruby stone-

( ¢

CCD. The research' conclud at{h tomography technique could measure the
N

differen&en th | Val@

N)
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2-Sample t Test for the Mean of | Lowest RI and Highest RI l

Summary Report
Do the means differ? Statistics | Lowest RI | [ Fighest R
0 0.05 0.1 >0.5 Sample size 2647 2647
Yes | No Mean 509.09 515.35
I 95% CI (506.8, 511.3)  (513.22, 517.48)
P =0.000 Standard deviation 58.891 55.894
The mean of Lower RI is significantly different from the
mean of Higher RI (p < 0.05). Difference between means™ 6.2642
95% CI (-9.3580, -3.1704)
*The difference is defined as Lower RI - Higher RI.
95% (1 for the Difference
Does the interval indude zero?
i
|
hd : Comments
|
: —Test: You can condude that the means differ at the 0.05
i ® = 2 4 level of significance.
-- CI: Quantifies the uncertainty assocated with estimating
the difference from sample data. You can be 95% confident
Distribution of Data that the true difference is between -9,3580 and -3.1704.
Compare the data and means of the samples. - Distribution of Data: Compare the location and means of
Lower RI samples. Look for unusual data before interpreting the
results of the test.
L
Higher RI

360 405 450 495 540 585

630

v 1

Figure 4.1: Summary of the 2-Samplemgor The Mean of The Lowest and Highest

RI (System A)

4.2.3 Image Reconstfuction for Sys’e

Figure 3.8. Table@ 2yprovides.the r

The image r@t

the final light%\y rdtio’and-vojt



Table 4.2: Comparison of The Varying Ruby Stone Refractive Indi f System B

n
Characteristic Lowest Refractive Index \C,)\Highest Refractive Index

Refractive Index (RI) of Ruby
Stone (M. Fuller, B. W. 1.762

Smigel, J. I. Koivula, 2014) Y,

1.770

. o . .
Final light intensity ration Ii’
i

V=-2.781+43

I-SM

-257.1

Three-Dimensional form

0.00

Z axis >513.36




4.2.4 Statistical Analysis of the Image Reconstruction for System B

The statistical analysis of the image reconstruction for system B is dow
the two-sample t-test. The mean result from the effective pixels of the i%\r the
lowest and highest RI of ruby stone are analyzed to validate the hypothesis for this
simulation. Besides, the individual plot for the highest and lowest RI%0f ruby stone is

also been visualized in Figure 4.3 to compare the difference b Man pixels value

|
| ' \94‘.\‘?

2-Sample t Test for the Mean ofl Lowest RI and Highest RI

of both images reconstructed in System B.

Summary Report
Do the means differ? Statistics | Lowest RI | | Highest RI |
0 005 0.1 >0.5 Sample size 2647 2647
Yes- IN0 Mean 460.91 461.73
95% CI (459.0, 462.8)  (459.82, 463.64)
P =0.549 Standard deviation 49,989 50.079
The mean of Lower R1is not significantly different from
the mean of Higher RI (p > 0.05). Difference between means™ -0.82456
95% CI (-3.5208, 1.8716)

*The difference is defined as Lower R1 - Higher RI.

95% (I for the Difference
Does the interval indude zero?

420 455 490 525 560

1
1
l
” H Comments
|
: -- Test: There is not enough evidence to condude that the
-4 -2 0 2 : e
means differ at the 0.05 level of significance.
- CI: Quantifies the uncertainty assodated with estimating
the difference from sample data. You can be 95% confident
Distribution of Data that the true difference is between -3.5208 and 1.8716.
Compare the data and means of the samples. -- Distribution of Data: Compare the location and means of
Loweer R1 samples. Look for unusual data before interpreting the
_|: results of the test.
Higher RI
| M, el ]ﬂl
350 385
e Y -

F'wz: Summary of the 2-Sample T-Test for The Mean of The Lowest and Highest

Q System B)
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Individual Value Plot of | Lowest RI and Highest RI

5257

5001
4751
f‘f-'lliii""
o 450 s
4251 -
J &
4001

Lowest RI Highest RI

‘ A
Figure 4.3: Individual Plot of @’and ighestR1 (SQﬁB)
‘\\\\ﬁ‘ ,(3\
N

As seen in Figure 4.2, ti%of tHe hig I W@l .73, while the mean of

the Lowest RI was 460.91. ThisSwas erenc@ mean values. Based on the
le

Dat

3757

3507

summary of the two-s%ﬁ st for anl @élowest and highest RI (System
‘S 2

B), the p-value was %tert a]] N S rneé at the null hypothesis for this image

reconstruction S’Q&Whi \::s;d of(é\fvdby stone-CCD, was accepted. The null

!
t gqutput of the lowest RI was equal to that of

Qo

S

¢
hypothesis posi hat the me
R~ &
the hlg% However, een 1gure 4.3, the mean voltages of the lower and
higﬂs id not differ. Insté%d}’:here was an overlap between the mean voltage
N

XWithin 450 to 475 pixels. The research concluded that the CCD tomography
teChnique could not measure the differences between the two differing values of the RI

the system without the help of a laser transmitter.
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4.3  Analysing the Performance of the CCD Tomography System in Grading

Ruby Stone
In this study, the research analyzed two types of image reconstruc@ems.
The Ist is the CCD tomography system consisting of a laser transmi stem A),

while the 2nd system is the CCD tomography system without the Yaser transmitter
(System B). Light transmitted to the CCD is analyzed to tm the final light
intensity. Lastly, the research determined the simulationii

e cftput and used

statistical analysis for analyzing and comparing the abili the tvo mog
®

raphy
Y-
image reconstruction systems. é J ' _\C}
4
<

4.3.1 Image Reconstruction for Systezw: 0‘ é

Figure 3.7 depicts the imagew ction for ste@

provides its image reconstruction a(%‘.g to the\*?g iﬂ@ﬁ'sity ratio and voltage
": ly N
@ &
‘% g

while Table 4.3

output of the CCD.

<
4.3.2 Image Recons for System l Q
's &
Figure 3.%?3 the lim\econs ion for System B while Table 4.4
econst

provides its ima& ruc‘x? ')rdirégthe final light intensity ratio and voltage
& G)

output of' t %
T
S
O

s



Table 4.3: Comparison for The Varying Ruby Stone Refractive Indices of System A

Characteristic Lowest Refractive Index Highest Refractive In

Refractive Index
of Ruby Stone %
(M. Fuller, B. 1.762 1.7A

W. Smigel, J. L.
Koivula, 2014)

Three-
Dimensional

form

Characteristic

Refractive Index

(RI) of Ruby
Stone (M. z
1.76% 1.770
Fuller, B. W.

Smigel, J. . \ | N
Koivula, 2014)

Z-axis < 513.36 Z-axis > 513.36
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4.3.3 Differences between the Image Outputs of the CCD Tomography System
Sections 4.2.1 and 4.2.3 provide the image outputs of simulations run va

different refractive indices for the ruby stones. Section 4.2.1 provide%\nage

reconstruction for System A, the laser-ruby stone-CCD, while Sectiofi 4243 provides

the image reconstruction for System B, the ruby stone-laser. The rqearch used the

mathematical algorithm described in Chapter 3 and varied the‘Elth intensity ratio
value

of ruby stone based on the image reconstruction system an the ruby stone.
Table 4.3 and Table 4.4 present the 3D form, whichyinclud d%\&dlalysis for

@
is presents }ix;@alues

ap fof t Vi@sing the

CCD normalized voltage value (5 V) (Sony“@€orp diff@St;ansparency

level will offer a different Z-axis. A hi@sparency gené%s a lower Z-axis,

while a higher opacity generates a % Z-axis.\x%y g@arency is represented
:ﬂy N\
by the clarity which depends o:%lacti\'/‘e indéx of tll(iz/@ne. Table 4.3 and Table

4.4 present the 3D images v. 'm thL
Z-axis value for both t% reconstructi “sgfs@ (A and B).
4

The result s s that, f‘) m RI \@he Z-axis value will be lower than
the highest RI V@Dy \ﬁ'erefctz%(/e could identify the range of the natural
ruby stone b % the n‘e th€ 26‘78 value which clarifies the grading valuation

&

all experiments using different RI values. The

depending on the multiplication results of sensitivi

e@the ruby stone showed a low

N\
asedfon_i ?larit eature (Abdul Rahim & San, 2008; Grande &

&2010; Jamaludin, @, 2016; Jamaludin et al., 2015; Jamaludin, Abdul

t al., 2016; Mohd Rahalim et al., 2021; Shaban & Tavoularis, 2017; Sony
6 oration, n.d.).
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Based on the observation of two reconstructions (System A and System B), the
results showed a significant difference in the Z-axis between the maximal and \VM
RI value ranges described in the Gemology Tools (Nassau, 2003) when %\arch
used System A (containing the laser as a transmitter) for image recoﬂ*on. Table

4.5 presents the comparison between the 3D images derived for Syste% A and B.

N

Table 4.5: Comparison of the 3D Images o ;Stel‘lls
i

Charac- \d
System A yste L
teristic
1.762
1.770

;\ Z axis: 574.00 Z axis: 514.28

92




4.3.4 Statistical Analysis of Differences between the Image Outputs of the CCD
Tomography System Y‘
The same RI value, 1.770, was selected. These values were @ two
different CCD tomography systems, with a laser as a transmitter and t without,
were compared. Figure 4.4 compares the two-sample t-test régults of image
reconstructions in Systems A and B. V

N,

2-Sample t Test for the Mean of System A and System B

Summary Report
Do the means differ? Statistics System A System B
0 0.05 0.1 =0.5 Sample size 2647 2647
Yos No Mean 515.35 461.73
958 €I (513.2, 517.5)  (459.82, 463.64)
P =0.000 Standard deviation 55.894 50.079
The mean of System A is significantly different from the
mean of System B (p < 0.05). Difference between means™ 53.622
959 CI (50.753, 56.482)

*The difference is defined as System A - System B.

- ~
Figure 4.4: Summary of the 2-S T-Test e Voltage Outputs of

o S
Systems A and B %

%u@

The hypotheses of this analysis weres s (fj/

Hy: Mean pix@for @S in S@n A = Mean pixel value for ruby stones
B
in System C\ ¢ :' C'SJ

value for ruby sto n System A # Mean pixel value for ruby stones

Hi: M
AQ%W v ¢

N
S $
% The research proposed a null hypothesis, Hy, that the CCD tomography system

Old detect no significant difference that consisted/ did not consist of a laser while
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measuring the high RI value of the ruby stone. They also proposed an alternative
hypothesis, H;, that the technique could detect the differences. YV

As seen in Figure 4.4, the two-sample t-test indicated the p-value @than
0.05. Therefore, the null hypothesis was rejected and the altemative%esis, the
mean pixel value of ruby stones in System A did not equal to the mmxel value of
ruby stones in System B, was accepted. Figure 4.5 depicts% ribution of data

between Systems A and B. The mean pixel value of Syste s higher than that of

D [FE

Distribution of Data
Compare the data and means of the samples.
System A

560 660 640 Pixel values

Yy
@és of Systems A and B

4.3.§%ﬂations

\ e Z-axis presents the\plxel values based on the multiplication results for the
%ity maps for 160 views with CCD normalized voltage values (5 V) (Sony
Orporation, n.d.). Figure 4.5 shows the voltage output of the Z-axis of System A (with

a laser as a transmitter) was higher. As such, only the system with a laser as a transmitter
94



was considered for further analysis. Furthermore, unlike System A, the two refractive

index ranges did not differ significantly when System B was applied, as showrw

[¢]

differences between the mean pixel values of both refractive indices of t%\nag

reconstruction systems. Table 4.6 provides the mean pixel Va&or better

visualisation. ?

Table 4.6: Comparison of The Mean Pixel Values of Th oCefrt]ctive Indices of

Ruby Stones

Type of Image Reconstruction System Sy@
I‘ 4

Difference for mean of pixel values

N
between two different refractive indices 6 sm2
of the ruby stone N 0\
y '@ > o)
Based on this statistical ana%nly theM}gtw' e laser was considered

0
for further real-time analysis @d

indices of ruby stones. ’

A’)%‘é

tween the two refractive

/1,(%

Th}'qctl dis
\
perfom% the{ pcon@tion with a laser as a transmitter. The CCD

to y system and Lab programming software were used to quantitatively

T

% ruby stone.
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4.4.1 CCD Voltage Output

Two CCD voltage outputs, the theoretical values of Systems A and B arw

respective light intensities, were compared. %\

4.4.1.1 Theoretical CCD Voltage Output i

Based on the initial state of the CCD tomography syst%quation showed
<,

that the voltage gained was V= —2.781 + 4.3 (Table 4.7).

light intensity ratio, the voltage was as stated in the table w. I .\d' Y'

b'sed on the final

Table 4.7: Theoretical C

Final light intensity ratio, % V
i

0.8478

0.8455 2.000
% [
a T
S Aj R
4.4.1.2 Experimental CCD Yu@ Output ‘é\
m

loired
In this study, % ple? er 091122, from the ruby stone at room
temperature rang@een :‘50 3°C, relative humidity ranging between

65% and 85% w e KT- i?'i)@evice. The samples noted minimal light
¢
(Q S
scattering diffraction effectsy w icﬁ)vere further ignored during calculations. The

NN
sample%amed é iffosity.for the lasers at 0.3 Lux. Figure 4.6 and Table 4.8

N :
suﬁﬁ; the CCD tomograp@ voltages of eight ruby stone samples and the mean

N

VO of each sample, respectively.

S
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Descriptive Statistics: CCD Mean VoltageValue for Eight Samples of Ruby Stones
When Laser is ON

-

Variakle H
CCD Voltage Output Value (V)_1 &00
CCD Voltage Output Valus (V)_2 &00
CCD Voltage Output Value (V)_3 &00
CCD Voltage Output Valus (V) _4 &00
CCD Voltage Output Value (V)_5 &00
CCD Voltage Output Valus (V)_& &00
CCD Voltage Output Value (V)_T7 &00
CCD Voltage Output Valus (V)_5 &00

Mean SE Mean StDev Minimuam Q1
1.5104 0.00128 0.0314 1.4200 1.5000
0.59354 0.00133 0.03251 0.54200 0.58300
1.6401 0.00111 0.0273 1.5200 1.6500
0.59354 0.00133 0.03251 0.54200 0.58300
1.7918 0.000735 0.0130 1.7500 1.7900
1.4274 0.00141 0.034¢ 1.1000 1.4000
1.1837 0.00147 0.03549 0.8170 1.1700
1.076¢6 0.001g2 0.0412 0.58730 1.0g00

L Y O e e e =1

~

Figure 4.6: Summary of The CCD Tomography Voltages Ewby Stone Samples

NY.

Table 4.8: Comparison Between the Experimental C omongph;ﬁein@S;es

Experiment number n ltagﬁlw
: V 13“2\\ %

.

N N ) B W

v ~7
o

The expef@vol@ied d%u% unstable conditions surrounding the

experiments, SUC the ig‘?ns'ty %\e laser as well as the room and the noise

/

=

feature of, CED, which gould e saturated when exposed to light over a

prolo eriod of {1 amaludin; 2016). The experimental and theoretical values
e;

N4
We\ r analyzed to obtaﬁ'i&:?liable data and compare the model and actual values

S

titatively grade ruby stones.



4.4.2 Analysis of the Theoretical and Experimental CCD Values
4.4.2.1 Mean Voltages

Table 4.9 compares the experimental and theoretical mean voltages whil@ 4.10

compares the number of pixels to validate the ability of CCD fo&raphy to

quantitatively grade ruby stones. q

Table 4.9: Comparison of Experimental and Theor: :ean lV oltages
L

Experiment =~ Mean Voltage Difference Betwee iffe etween
Number Value Mean (2.0
1 1.5104 !

0.5935
1.6401
0.5935

1.7915 i 0.2025
1.4275 . ) 0.5665
1.1837 0.8103

1.076?. 0.9174

0| Q| N | B W DN
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4.4.2.2 Number of Pixels

Table 4.10: Number of Pixels of the Theoretical CCD %

Mean A

Number of
Voltage Number of Pixels (z-axT
experiments
Value
y
\w o’
1 1.994
2 :

- ’ p-),o ‘;\ Z axis: 574.00
A
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Table 4.11: Number of Pixels of the Experimental CCD

Number of Mean Voltage
Number of Pixels (z-axis) \

experiments Value

Z-axis: 470.71
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Table 4.11: continued

Number of Mean Voltage
Number of Pixels (z-axis) \

experiments Value

4 0.5935

5 1.7915

Z axis: 409.69

Table 4.11: continued
101



Number of Mean Voltage

Number of Pixels (z-axis)

experiments Value
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Means Comparison Chart
Voltage (V
i Ele)d intervals that do not overlap differ.

o N3
3

EXP4| e
EXP_8+ ®
EXP_7- .

EXP_6- ®

EXP_1- @

EXBES ®

X

Yh
N
40

Theoretica_1.994- @ Y.
4
”
L4

EXP_5- °

o

Theoretica_2.00 4 @

160 ZdO 3dO 460 560 Pixel values

J -
Figure 4.7: Comparison of The Expc@l ﬁ?tl 1 Mean Pixel Values

and pixel values. eoretita

voltage (1.7915% fift

analyzed to m the CC R

stones. % ’ 2 $
N

QA S

4.4. mage Reconstruction Analysis

Table 4.12 provides a comparison of the 3D image reconstructions of the

theoretical and experimental values. The Z-axis of the theoretical model exhibited a
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higher voltage, 1.994 V, resulting in a higher pixel value, 572.28. Meanwhile, the

experimental model exhibited a voltage of 1.7915 V and produced only 514.16?,

which was lower than the theoretical model. %\

Table 4.12: 3D Image Reconstructions Using Theoretical and Experifhental Values

y N
Output Theoretical Value Ex er Value
Voltage
1.994 1.7 1'5
Value (V)

S
O

-514.1

Three-

Dimensional

form

=257,
-0.00
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4.4.2.5 Statistical Analysis

Individual Value Plot of Experimental Value 1.7915V, Theoretical Value 1.994V

600 -

350 -

500 -

450 4

Data

400 -

350 1

300 +

Experimental Value_1.7915V Theoretical Value_1.994V

Figure 4.8: Individual Plot

e, N
imelﬁal a eor | Mean Pixel Values

N K

e X

173 $

Lewvel
Experimental Value 1.791
Theoretical Value 1.9%94V

Level
Experimental Value 1.7%1
Theoretical Walue 1.994V

H Mean StDev
2647 4€0.53 52.23
2647 5S09.09% 58.8

Individual 495% CIs For Mean Based on
Pooled StDev

e tommm - tommm - to———-
{*)
{*-)
e e e tommm - to——o-
483 430 455 310

Figure 4.9: Summary of Experimental and Theoretical Values
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Theoretical value was the value expected from the equation of the light optical
properties of the ruby stone while the experimental value was what was a
measured during the experiment. As seen in Figure 4.7 and Figure 4.8, ther@light
difference in the mean experimental and theoretical pixel values; 1. d 1.994,
respectively. The following relative error formula was used to calculaté the difference

between the mean experimental and theoretical voltages of ruhiw

00 ENCAY

Theoretical Value \
D [ 18
’ X

Based on these equations, the error of Weri tal the%r‘e;ﬁcal values

was —0.1015 or —10.15%. This is an acce wnge tﬂ a istica@lysis formula
h

Experimental Value—Theoretical Va

=

(Zhang et al., 2007). Therefore, thisM lidated t CD ography system’s

\ _\
ability to grade ruby stones quanti b \&
3 ,ﬂ\f &
4.5  Results DiscussionY’ ,
(
The present stu%: 0

Its validate thejability of the CCD tomography system

with a laser as a tn&hﬁr to @h betz:/%n different grades of ruby stone clarity.
It was also ¢ Mt w'th‘ex ng]stL&%} that found the system can measure and

4

capture v vels fof ‘gbject txé#parencies and opacities (Jamaludin, 2016;

Jamal t al., 2025; a]ﬁdin,@ul Rahim, et al., 2016; Jamaludin, Rahim, et al.,
N

2018; ludin, Rahim, Rahﬁis:’et al., 2017; Jamaludin & Abdul Rahim, 2016; Mohd

Ruby stones with higher clarity are more expensive than rubies with lower

%n et al., 2021).

clarity as this indicates the presence of inclusion, or unwanted materials, in the stones

106



(Renfro et al., 2018; Walter, 2021). According to Gems and Gemstone: Timeless
Natural Beauty of the Mineral World by Grande & Augustyn (2010), ruby stone

excellent quality, and higher-priced, when the clarity has very slight inclision. Table

2.1 in Chapter 2 provides a summary of ruby stone prices. *

The present study’s findings indicate that ruby stones with ower refractive

indices have higher clarity. This causes the CCD to exhibit a voltage output that is
CbV

higher and proportional to the Z-axis value of the 3D ima EW. Therefore,
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