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Mango steen ( Garcinia mangostana L.) is well known as the queen of 
fruits, since its taste is very delicious and impressive. Normally, the quality of 
mangosteen is observed using physical visual inspection such as color, size and peel 
damages caused by bugs. Moreover, the defect of mangosteen can also be inspected 
from the fruit internal for example, translucent flesh disorder, yellow gummy latex and 
hard shell. The main issue in mangosteen export is quality consistency. There are a lot 
of internal defects which were mixing with good quality mangosteen. Tq avoid those 
defects in export, the mangosteen should be peeled and then frozen. However, the taste 
of mangosteen can be degrad~d by the frozen and de-frozen processes. 
Conventionally, the water floating technique has been applied for classifYing 
translucent flesh disorder and yellow gummy latex. The weakness of this technique is 
unability to classifY the ~nangosteen in rainy season because the mangosteen absorbs 
much water. The electrical method is very interesting for example acoustic wave 
technique that can apply for fruit quality measuring such as aging, ripeness and 
density. The ultrasonic wave w~s applied for detecting air gap in kiwi, ripeness and 
density of durian. The microwave technique was applied for detecting translucent flesh 
disorder in mangosteen with accuracy of 79%. The infrared was also applied for 
classified the translucent flesh disorder in mango steen with accuracy of 80%. 

From the past, the electric methods can be use for measuring fruit 
quality. Some proper control parameters are required. As well as the resonance 
frequency technique that applied for measuring fruits such as ripeness of durian, air 
gap in water melon and glass tissue and mucilage in mangosteen by using percussion 
technique. This technique is very attractive to classifY translucent flesh ·disorder and 
yellow gummy latex in mangosteen. 

In this research the resonance frequency technique ·is applied for 
measuring translucent flesh disorder and yellow gummy latex in mangosteen. The 
mangosteen is placed on a vibration plate at various frequencies 25, 30, 35 and 40 Hz, 
respectively. The strain gauge sensors are mounted on the mangosteen for sensing 
vibration signals. The vibration signals are amplified and captured by Lab VIEW® 
card sent to PC. The signals are analyed on MATLAP ® in time and frequency 
domain using 10 features, FFT; AR, HIST, MAV, MAVSLP, RMS, SSC, WAMP, 
WL and ZC. The mangosteen is separated into 3 groups to form a prediction model. 
The best accuracy of translucent flesh disorder and yellow gummy latex classification 
was found 90.36% when separated by date and 85.54% when applying/Rand AR, 
respectively. Fifteen good quality mangosteens can be classifY from 50 mangosteens 
by using AR technique. Moreover, from the FFT technique the yellow gummy latex 
produce lower amplitude compare to good quality mangosteen. 
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From the experiment results, it is concluded that the proposed non­
invasive mangosteen by using frequency resonant is very suit for detecting translucent 
flesh disorder and yellow gummy latex. 
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Chapter 1 

Introduction 

1.1 Mangosteen Defect 

Mangosteen (Garcinia mangostana Linn.) is classified in the family of 
Guttiferae. A mangosteen is found to be popular. Its pulp has sweet smell and very 
attractive to eat. Each fruit has four to seven petals with not more than three seeds. 
Generally, a mangosteen can be harvested once a year. Because of weather difference 
in different crop areas, its harvest season is different in several regions of Thailand. 
For example, the harvest season in the Eastern region is from May to July while it is 
during August-October in the Southern region. As a mangosteen is unripe, its peel is 
thick and green. Color of the peel gradually turns red and finally black violet when 
overripe. At this stage, ma.ngosteen pulp is white, soft and juicy. 

Table 1 shows the color characteristics of mangosteen pericarp. There are 
seven color indexes relating to seven characteristics. As shown in Table 1, the peel 
color changes to violet-red. Several dots on the peel can be found. The8e dots increase 
continuously until ripe. This occurs after the mangosteen was produced around 12 
months. At the ripe stage, color of the peel becomes black-violet and the color 
incenses continuously. From Table 1, pericarp color appears as either color index 3 or 
4, which is suitable for export. Yellow gummy latex (YGL) is developed in a 
mangosteen at the initial stage as shown in Table I. The appearance of YGL will not 
change much from the stage of color index 3 onward. 

Color 
index 

0 

2 

3 
4 
5 
6 

Table 1 Pericarp color index and its characteristic 
Color characteristic YGL Easy to 

a~pearance peel 
Note 

white-yellow or 
much difficult 

qot. easy to peel 
green 

yellow, pink dot 
much difficult 

easy to peel 
spreading 

yellow and pink , 
moderate difficult 

young sporadically for 
dots spreading good harvest quality 
pink regularly little moderate suitable for export 

brown-red little easy suitable for export 
violet unchanged easy edible 

black violet unchanged very easy edible 

The harvesting time for mangosteen which plans for exporting should be 
designed appropriately. Exporters carefully plan the harvest time by taking the 
transportation time into account so that the fruit color, when arriving to their 
customers, should be black-violet. It was reported that (Tanachai, 1996) color of a 
mangosteen changes from red-violet to black-violet within seven days. A black-violet 
mangosteen can be preserved for more than 15 days at room temperature (25°C). 
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Table 2 shows the color characteristic of mangosteen pericarp in postharvest. The 
color information given in Table 2 can be used as the indicator for harvest planning. 

Table 2 Characteristic of mangosteen pericarp at room temperature 
Day Color 

1 pink 
2 pink 
3 pink 
4 red 
5 red 
6 red-violet 
7 black-violet 
8 black-violet 
9 black 
10 black 
II black 
I2 black 
13 black 
I4 black 
I5 black 

l.l.l Translucent flesh disorder (TFD) 

There are several physiological disorders of mangosteens caused by excess 
water prior to pre-harve'it season (Sdoodee and Limpun-Udom, 2002). Translucent 
flesh disorder (TFD) appears as a water soaking flesh. TFD is caused by excess water 
during the pre-harvest stage of fruit development, where water uptake is driven by the 
difference in osmotic potential between that of rain water and the affected fiuits. When 
water content in fiuit is high, a breakdown of apoplast or symplast compartmentation 
which exhibits as the occurrence of TFD (Voraphat, 1996) occurs. It is usually found 
as a large segment in fruit carpels. TFD is a major cause to degrade the fiuit quality. 
This defect changes white pulp to translucent while the pulp texture turns from soft to 
firm and finally crisp (Tanachai, I996). Voraphat (1996) studied the e.ffect ofwater on 
TFD using a chemical technique to determine the internal quality of a mango steen. 

Figure I Translucent flesh disorder (Osman, 2006) 
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1.1.2 Yellow gumkny latex (YGL) 

In a yellow gummy latex (YGL) mangosteen, its pericarp and pulp are 
discolored by yellowish resin. This yellow resin becomes red-brown and hardened 
laterally. The defected fruit exudes yellow latex which discolors and changes the fruit 
taste. Naturally this yellow resin is produced by several organs consisting of branched 
canal-liked secretory ducts(Osman, 2006). These ducts are commonly found in the 
pericarp, mesocarp, endocarp and aril of the fruit (flower, stem and leaf). The biggest 
secretory ducts locate in the endocarp from the stalk to the fruit internal (Osman, 
2006). The bitter yellow resin permeates into the aril as a result of broken latex 
secretory ducts caused by excessive rain, wind, careless fruit handling (Sdoodee and 
Limpun- Udom, 2002). According to Poerwanto et. a/ (2009), latex secretory ducts are 
usually broken during the rapid fruit growth period (week 5-15) after anthesis. The 
seed an~ aril growth rates we!"e reported to be faster than the pericarp, causing a build­
up of internal pressure to the endocarp. When the epithelial cells ofthe secretory ducts 
are weak, this pressure w0uld break the ducts, (Osman, 2006). 

Figure 2 Desecrated YGL in the aril (Osman, 200Q} . 

1.2 Objectives and Contributions 

The research aims to detect a defected mangosteen suffering from TFD and 
YGL. The detection technique is nondestructive. The technique is applied with several 
mangosteens harvested in Thailand. The fruit samples were obtained from 
Nakornsritummarat province. The scopes of this Thesis are summarized as follows: 

1.2.1 To investigate and apply several techniques based on resonance 
frequency for detecting a defected mangosteen suffering from TFD and YGL. 

1.2.2 To develop a technique for detecting TFD and YGL in a mangosteen. 
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Chapter 2 

Literature Reviews and Research Methodology 

2.1 Introduction 

A mangosteen is the queen of fiuits and one of the high economical fruits in 
Thailand. The quality of mangosteen is determined not only from several external 
characteristics (color, shape, size, skin blemishes, skin latex and insect damage) but 
also from the internal quality. This means that the pulp of qualified fruit must have no 
internal defect (TFD and YGL). Currently, detecting these internal defects can be 
achieved by peeling the pericarp. This is not preferable since the taste of mangosteen 
will be degraded. The quality determination for mangosteen using a destructive 
technique was first reported by Sri yon (1986). Laterally Voraphat ( 1996) studied the 
relation between water supplied to the fiuit and the TFD. The study approach is based 
on a chemical technique. Both techniques are not suitable since they are destructive 
which is not suitable for exporting. 

Several non-destructive ~esting methods for detecting a defected mangosteen 
were proposed. A floating technique using specific gravity difference is used to detect 
TFD in a mangosteen(Tanachai, 1996). Tawatchai (2004) proposed the microwave 
technique to classify the TFD fiuit. The magnitude of reflected signal from the fruit 
was investigated. Unfortunately the technique is based on the dielectric properties of 
the fruit, which is sensitive to moisture content. The short-wavelength infrared­
spectroscopy technique was proposed to detect a TFD mangosteen based on the 
absorbtion parameter (Sontisuk, 2007). Somchai (1999) proposed the two-dimensional 
cross-sectional visualization for a mangosteen. Later on, the X-ray and Nuclear 
Magnetic Resonance (NMR) were applied to evaluate the qualities of durian and 
mangos~een (Yantarasri, 1996). In 2J01, the resonance technique was frrst proposed to 
detect the TFD as well as YGL (Rittisak, 2001) in a mangosteen:. l;'he technique is 
simple, low-cost, and easy to apply. This inspires our work to aim on investigating the 
resonance technique to detect the defected mangosteen. 

F.J. Garcio-Romus (2005) studied the frequency resonance of a fruit when it is 
vibrated. It was found that frequency resonance of the vibrated fruit depends on its 
mass and shape. De Belie et al. "(2000) applied this technique to measure the firmness 
of pre-harvested pears. The pear firmness is estimated from the vibration response 
measured from an accelerometer which is attached to the pear. The vibration response 
is recorded, analyzed and modeled. Another vibration based technique was proposed 
to determine maturity stage of a durian (Kongrattanaprasert, 2001 ), Acoustic technique 
was proposed to assess tissue firmness of a kiwifruit. The technique performance was 
compared with a destructive method (Maramatsu, 1997). Similarly, techniques for 
determining firmness of muskmelons based on acoustic impulse transmis~ion (Junichi, 
2005) and vibration element analysis (Nourain, 2005) were proposed. The acoustic 
impulse based technique was propo::;ed to detect a hollow in a watermelon (B. Diezma, 
2002). The acoustic response evaluation of the storability of Pie! de Sapo melons (L 
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Lle6, 2005) was studied. In 2006, a laser doppler vibrometer technique was applied to 
determine ripeness degree for a pear (Shoji, 2006). 

This research first proposes a nondestructive testing method by using vibration 
force based on strain gage sensor (VFSS) measurement. Several spectral estimation 
and time-domain techniques are proposed to detect a defected mangosteen suffering 
from TFD and YGL. · 

2.2 Principle of Non-Destructive Testing 

Determining the internal quality of fruit is one of the challenging topics 
which are highly demanded for post-harvest applications. There are several research 
works on developing sensors for determining some internal qualities of a fruit. Various 
internal qualities for example sugar content, acid content, firmness and internal defects 
(F. J. Garcia-Ramos, 2003) using NDT methods were investigated. Several approaches 
such as applying impact force, acoustic response to vibration, and optical signal were 
studied. In addition rebound and NMR techniques were investigated either. Many 
Non-Destructive Testing (NDT) methods have been applied to determine qualities of 
fruit. These methods are based on acoustic, ultrasound, infrared spectrometry, 
microwave and laser techniques. Various NDT methods have been applied for fruit 
testing applications with different accuracy degrees. Delwiche et. al. [1987] proposed 
an impact testing method to implement an automatic machine for sorting fruit 
firmness. The acoustic testing method relies on the natural resonance frequency of a 
fruit where the resonance frequency ifR) of a fruit depends on the quality and physical 
properties. Physically, measuring fruit firmness based on an impact force can be 
described using Hertz's and the elastic impact theories (Timoshenko and Goodier, 
1951). Chen and Ruiz-Altisent (1996) applied a low-energy elastic impact to a fruit 
placed on a hard surface sphere. The mechanical response of the impact fruit was 
studied. Mohsenin (1970) proposed a technique for determining fruit firmness. Similar 
technique was applied using a pendulum to impact tomatoes to detect fruit defects 
(Desmet et a!., 2002). Chen et a!. (1996) developed an instrument to measure the 
impact response of a fruiL The sensor consists of a small semi-sph~rical mass with an 
accelerometer. The response was measured by dropping the sensor on a fruit under test 
from different heights. The same technique was also used laterally to determine the 
firmness of apples and pears (Jaren eta!., 1992; Jaren and Garda-Pardo, 2002). Ortiz 
(1999) used this technique to distinguish woolly peaches by combining it with infrared 
spectroscopy. Moreover, a piezoelectric accelerometer locating on a fruit tip was 
applied to estimate fruit firmness. The results were in good agreement with previous 
work performed by Timoshenko and Goodier (1951 ). 

A resonance based method is based on the theory of vibration. Peleg [ 1993] 
proposed an automatic fruit classifier based on a method. In this technique, a fruit 
under investigation is hit with a soft hammer or a similar tool. The fruit vibrates and 
its vibration signal will be recorded, analyzed. The acoustic response was applied to 
estimate fruit texture (Studman, 1999). The technique assumes that an object under 
test is spherical and elastic with small deformation. This assumption was applied for 
several works (Abbot and Masie, 1998). Piezoelectric film was first proposed to 
collect the signal respon<>e from the impact (Shmulevich eta!., 1996). Muramatsu et 
a!. ( 1997) applied the technique to a kiwi fruit. There is a simple and low-cost acoustic 
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based technique proposed by De Belie et a/. 2000 for measuring fruit firmness. The 
details of the test set-up are as follows: An acoustic impulse signal is generated from a 
small loudspeaker where the impact response was collected from a small microphone 
nearby the other side of the fruit. This equipment detects the vibration responses of the 
applied acoustic wave which travels across the fruit. The impact is generated 
mechanically at the ; top of the fruit. Based on the study performed by De 
Baerdemaeker et. al. (cited by De Belie et al., 2000), the mechanical vibration can also 
be measured by analyzing the response of the mechanical vibration. In this case, the 
fruit is placed on a tray vibretJing a~ a certain frequency. The response was measured 
by an accelerometer. Abbott and Massie (1988) suggested that the vibration frequency 
(/v) should be around 0 to 200 Hz. A sonic stiffness coefficient, a relation between 
fruit mass and /R, is then calculated. The technique can classify kiwi fruits into two or 
three firmness levels. Peleg (1993) developed a firmness sensor based on the vibration 
response obtained by vibrating with an electro-mechanic vibrator installing at the tray. 
The response signal was measured by the accelerometer attached to the upper part of 
the fruit. It was found that soft fruits provide lower amplitude response than firm 
fruits. 

2.3 Materials and Methods 

2.3.1 Fruit samples and experiment set-up 

Mangosteens were purchased from garden in Nakornsritummarat 
province, Thailand. The samples were brought to the laboratory at Department of 
Electrical Engineering, Prince of Songkla University, at the purchase day. These 
samples were kept at t:~e controlled temperature. One hundred mangosteens were 
randomly chosen for the experiment. Twenty-six out of one hundred mangosteens 
were used for evaluating the accuracy performance of the proposed techniques. Figure 
3 shows the experiment set-up. A test mangosteen is placed on the vibration base 
where two motors installed under the base control the amplitude and speed of 
vibration, giving the vibration speed at a frequency range of 0 -; .. 50 Hz. The strain 
gauge sensor attached to the mangosteen pericarp and converts the vibration response 
to an electrical signal. This si~nal is amplified by the instrumental amplifiers and then 
digitized using LABVIEWT card. The instrumental amplifiers are differential 
topology with a differential gain of 500. A 16-bit analog-to-digital converter board 
(NI, DAQCard-6024E) with 1000Hz sampling frequency was chosen. In this Thesis, 
the digitized signal is named Vibration Force based on Strain gauge Sensor signal 
(VFSS). 



7 

Figure 3 Experiment set-up 

2.3.1.1 Vibration ba'ie 
The vibration base is created by Dr. Kittinan Maliwan, a lecturer at 

Machanical Engineering, PSU, Thailand. It is designed with a OMB Vibro-motor: 
(TYPE BM 50/3, 2 pcie, 3000 rpm, 50Hz) as shown in Figure 4. The control 
frequency is from 0- 50 Hz. The operation ofthe vibration can be described by (1). 

Figure 4. Vibro-motor:TYPE BM 50/3,2 pole: 3000 rpm, 50Hz) 

,...-------- . l:J 

I 
Figure 5 Rotating unbalance 

d 2x 
m--+kx = (m·e·o/)sinmt 

dt 
(1 ), 
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where 
m is total masses of a sample and the base , 
e is eccentric ofthe vibration motor, 
co is vibration speed and 
k is stiffness of the spring. 

The diagram of the vibration base controlled by the motors is depicted in Figure 5. The 
vibrator motor rotates in the opposite direction at the frequency of oscillation hence 
the vibration is resulted from unbalance rotation from two motors. With the 
assumption that two motors are identical, the vibration forces in the horizon axis from 
two motors are cancelled out while only vibration force in the vertical axis exists. 
Therefore, the VFSS signal collected from the samples are theoretically produced from 
the mechanical vibration in the vertical direction only. 

The system of vibration is measured by the accelerometer sensor (analog 
devices ADXL21 0 +I 0 g). As shown in Figure 6, this sensor is installed at the 
vibration base. 

Figure 6 Accelerometer sensor 

2.3.1.2 Amplifier circuit 
Figure 7 shows the differential amplifier (IC = INA114, gain = 500) 

designed for amplifying a VFSS signal collected from the bridge circuit. The bridge 
resistance is 120ft The VFSS sensed by the strain gauge sensor increases the VFSS 
current and hence was amplified by the differential amplifier. 

G=50fJ 

.. 
1(1ij0 

Figure 7 Amplifier circuit 

The sample was vibrated at single frequency which ranges from 25 to 
40 Hz. The control voltage for setting the vibration magnitude is held at 2.50 volt. 
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After a VFSS signal of a test mangosteen was recorded, the mangosteen was then 
peeled and the image data of the internal fruit was recorded with a digital camera 
(FujifilmFinePix F700 model). Figure 8 shows some sample images taken in this 
Thesis. 

Figure 8 Images oftest samples 

Theoretically a VFSS signal depends on the modulus of elasticity, mass and 
shape of a mangosteen under test. Generally there are various vibration methods but 
the most common approaches are based on acoustic and mechanical techniques. A 
microphone or a piezoelectric sensor is applied to implement a technique based on an 
acoustic method. The frequency range of the acoustic technique lies in the audible 
frequency range, which is 0-20 kHz (Peleg, 1993). The acoustic response.signal ofthe 
fruit is collected and transformed to frequency domain by the Fast Fourier Transform 
(FFT) technique. Resonance freq'Iencies can be detennined by considering the 
spectrum peaks. 

In this Thesis, VFSS responses at 25, 30, 35 and 40Hz will be investigated. In 
our analysis, the window length of VFSS samples is 256 ms such .that a real-time 
signal processing can be achieved. This causes the delay for each VFSS sample to be 
less than 10 ms. The digitized VFSS signals will be recorded on a computer and 
techniques for detecting a good/defected mangosteen are applied. 

2.3.2 Data analysis 

The amplitude and frequency of vibration can be determined by several 
methods, for example ultrasonic, accelerometer, and laser doppler. The VFSS sensor is 
attached with the fruit to measure the response of vibration. A measurement is applied 
in a measurement of mango steen vibration. 

In this Thesis, the experimental procedure and the test set-up are as follows. 
The ma'lgosteen under test is placed on the vibration base which can vibrate at a 
frequency range of 0-50 Hz. The signals from the VFSS sensor is transmitted to the 
instrument amplifier (IC = INA 114) and converted to digital data by an analogue-to­
digital converter. These signals can be monitored on a program coding with 
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LABVIEW™ and post-processed by a program developed with the MATLAB 
program to detect a good/defected mangosteen. 

The resonance frequency (/R) is related to the characteristic of mechanical 
vibration which can be described as the energy radiated from the surface and 
propagates as a transversal wave in the medium. When /v is less thari 1 kHz, the 
velocity of transversal wave is related to the characteristic of medium 
(Kongra£tanaprasert, 2001). This can be expressed as shown, 

2p{l + m; ~~) 
v = (2), 

' p( 1 + 1 + m ~ Jl~ ] l v Jl]2 

where ~i is the velocity of vibration. p is the density of the medium. CDv is the angular 
frequency of vibration. f.1 1 and f.12 are the coefficients of shear elasticity and shear 
viscosity, respectively. Velocity of vibration is related to the frequency and wave 
propagation of vibration. Hence the property of shear elasticity can be found by 
measuring Vi and wave propagation at low frequency. If #I is dominant comparing 
with P2 (!li >> CDv and 112 is satisfied), ~ can be simplified as 

The signal response ofvibrated fiuit (A) can be obtained from~ and/Ras shown, 

A=a~ 
jR 

(3) 

(4), 

where A is the voltage of output vibration. a is voltage of output vibration from the 
prototype/R is the resonance frequency vibration, T is the output vibration time which 
is related to /R as shown, 

(5). 

As previously stated, the amplitude and frequency of vibration can be 
determined by various methods such as ultrasonic, accelerometer and LDV methods. 
To obtain an accurate vibration, P. specific position for installing a sensor at the 
pericarp should be carefully designed. /v was chosen between 25 to 40 Hz and the 
vibration magnitude controlled voltage is 2.50 V. In system theory aspect, 
mangosteens with different internal properties should provide different responses 
regarding to their transfer functions. Therefore, the output response provides different 
amplitudes and frequencies depending on their physical properties such as internal air 
cavity, weight, diameter as well as texture property. The VFSS measurements 
evidently confirm this as shown in Figure 9(a-d)-12(a-d). A normal mangosteen has 
some specific signal patterns, which is different from a defected mangosteen which is 
affected from TFD and YGL. 
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2.3.3 Feature extraction 

In this section, signal features in time domain are used to classify mangosteens. 
Because of simple implementation and computation, time-domain analysis is 
commonly used for feature analysis. There are nine time-domain features and can be 
implemented for real-timL applications. These features are as follows, 

2.2.3.1 Mean Absolute Value (MAV) 
MA V is normally used as an onset index to detect an unusual signal 

activity. MAY is the average of the absolute value of VFSS signal amplitude, N is 

window Length (Points), IXnl is data within the window. It is defined as 

} N 

MAV=-:LJxnJ 
N i=l 

(6) 

2.2.3.2 Root Mean Square (RMS) 
RMS is related to constant force and non-fatiguing contraction. 

Generaliy, it is similar to standard deviation which can be ex:pressed as 

1 N o 

RMS= -Ix~ 
N i=1 

(7) 

2.2.3.3 Waveform length (WL) 
WL is the cumulative length of a waveform over a certain time segment 

(N). WL can be formulated as 
N-1 

WL = :LJxn+1 -xnl (8) 
n=1 

2.2.3.4 Zero Crossing (ZC) 
ZC is the number o~ times that the amplitude values of VFSS signal 

crosses zero in x-axis. An optimum threshold value is chosen to avoid from 
background noise. ZC provides an approximate estimation of frequency-domain 
properties. The calculation of ZC is obtained as shown, 

N-1 

ZC = :L[sgn(xn xxn+JnJxn -xn+1J;:::: threshold} 
n=1 

{ 
1, if x ~ threshold 

sgn(x) = 
0, otherwise . 

2.2.3.5 Slope Sign Change (SSC) 

(9) 

sse is related to zc. It is another method to represent the frequency­
domain properties of VFSS signal calculated in time domain. The number of changes 
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between positive and negative slope from three consecutive samples are performed. A 
threshold value is defined for avoiding background noise in VFSS signal. The SSC is 
given by 

n=l 

j(x) = {
1, 

0, 

if x ~ threshold 

otheTWise. 

2.2.3.6 W •llison amplitude (W AMP) 

(1 0) 

W AMP is the number of time resulting from the difference between 
VFSS signal amplitude of two adjoining segments that exceeds a predefined threshold, 
which is used to reduce background noises as similar to the calculation of ZC and 
sse. It is given by 

N-1 

WAMP = Lf~xn -Xn-11) 

f(x)= {
1, 

0, 

n=l 

if x ~ threshold 

otheTWise. 
( 11) 

The suitable value of threshold parameter of features in ZC, SSC, and WAMP is 
normally chosen between 10 and 100 m V, depending on the instrument gain 
(Angkovn, 201 0). The optimal thresnold for our VFSS analysis will be detailed later. 

2.2.3. 7 At~toregressive (AR) coefficients 
AR model describes VFSS sample as a linear combination of previous 

VFSS samples (xn-i) plus a white noise error term (wn). In addition, p is the order of 
AR model, ai are the autoregression coefficients, Wn is white noise. AR coefficients are 
used to model the VFSS spectrum. The definition of AR model is given by 

p 

xn =-L:aixn-i +wll 
i=l 

2.2.3.8 Mean Absolute Value Slope (MA VSLP) 

(12) 

MAVSLP is a modified version of MA V. The difference between the 
MA V of adjacent segments is defined as 

MAVSLP; =MA~+I -MAY;; i =l, ... , I -l. (13), 

where I is the number of segments covering VFSS signal. When the number of 
segments increases, it ionproves the representation of the original signal over the 
traditional MA V. 

2.2.3.9 Histogram (HIST) 
HIST is an estimate probability distribution of the VFSS signal. It is 

given by 
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(14), 

where H is the histogram, N is the number of points in the signal, M is the number of 
points in the histogram. 

2.3.4 Feature selection stage 

Ankgoon (20 1 0) reviewed the quality in class separability aspect. The quality 
indicates the result of misclassification rate and the degree of experiment variation. 
From th~ explanation above, feature selection methods can be obtained based on either 
classifier or statistic measurement index. The selection of features based on statistical 
index was investigated where the statistic criterion method which can evaluate the 
distance between two scatter groups (separation index) was suggested. The statistic 
criterion method addresses the variation of feature in the same group (compactness 
index). Euclidean distance (ED) and standard deviation (SD) are the simplest tools 
selected by Ankgoon(2010). Especially ED is most commonly used due to its 
simplicity and applicability. It is calculated as the root of square differences between 
co-ordinates of a pair of objects and is also as a separation index. The ED(p,q) is 
defined as 

ED(p, q) = IP- ql ( 15), 

where p and q is the feature means of VFSS signal from texture· property in 
mango steen. 

:;D is the most robust and wtdely used for variability measurement. SD is used 
as a compactness index which is given by, 

SD= w=l (16), 

where r w is the feature of the wth window, Nw is the number of total number and f1 is 
the feature mean of all windows. The ratio between ED and SD is RESpq index, which 
is used as a statistic measured index in this paper. The RESpq index can be expressed 
as 

RES = ED(p, q) 
pq SD (17). 

In addition, the features calculated from VFSS response are normalized before 
calculating the ED and SD values. Good performance of classification is obtained 
when the ED value is high and the SD is low. 
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2.3.5 Artificial Neuron Network (ANN) 

An artificial neural network (ANN) or neural network (NN) is important 
mathematical models. The topologies of ANN and NN consist of several 
interconnected artificial neuron groups. ANN can be considered as an adaptive system 
that changes its structure regarding to the input or output data. Modern NNs are non­
linear statistical model and can describe complex relationships between input and 
output data. The ANN and NN are widely used in several applications. These are: 

• Function approximation or regression analysis: including time-series 
prediction, fitness approximation and modeling. 

• Classification: including pattern and sequence recognition, novelty detection 
end sequential decision making. 

• Data processing: including filtering, clustering, blind source separation and 
compressiOn. 

• Robotics: including directing manipulators, computer numerical control. 

Figure 13 Structure ofNN (Pituk, 2012) 

NN topology was originated based on biological neural structure. Most NN 
structures begin with neuron node, as shown in Figure 13. The neuron section consists 
of multiple input and siiigle output nodes. Each input node is modified by a weight 
which multiplies the input of ANN. The neuron will combine thes.e .weighted inputs 
and with reference to a threshold value and apply to activation function to determine 
the output of ANN. The ANN model follows the behavior of real neurons (Benkrose, 
1996). Generally, the input layer is considered as a distributor of the signals from the 
extemal world. Hidden layers are considered to be categorizers or feature detectors of 
such signals. The output layer is considered as a collector of the features detected and 
responsible to producer the response which is given by, 

(18) 
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; 

.................. 

Feature Hidden Outputs 
inputs 

.................. 
Layer 

···············~ 

.................. 

Figure 14 Proposed ANN 

The ANN used in this Thesis has three layers based. The topology is feed­
forward back propagation (FFBP). The structure is shown in Figure 14. Three layers 
of ANN consist of input, hidden and output layers. The weighting of each node 
depends on the application. 
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Chapter 3 

Results and Discussion 

3.1 TFD and YGL Detection 

3.1.1 Frequency-domain features (paper I and IV) 

In this section, VFSS spectrum is proposed as a feature. Four vibration 
frequencies ifv) at 25, 30, 35 and 40 Hz are of interest. The vibration amplitude is 
controlled by applying 2.5 V to the motors. The time-domain VFSS signals are 
converted to spectrum using the FFT technique. A sampling frequency was selected at 
1 kHz After applying differentfv, resonance is occurred around 25.5-26 Hz as shown 
in Figure 15(a)-(d). Since the spectrum pattern of a good mangosteen is similar to the 
defected ones, other sophisticated techniques are recommended. 

'J'he transfer function of a mangosteen depends on the texture properties, peel 
thickness, fruit's weight and diameter. Therefore the amplitudes and phases of VFSS 
spectrum will be differert as shown in Figure 15(a)-(d). From the experiment results, 
we have found that the weight and diameter of a mangosteen affect to the amplitude of 
spectrum. To reduce the effects of weight and diameter of fruits on the VFSS 
spectrum, we recommend to normalize VFSS spectrum with the weight and diameter 
of a mangosteen. Figure 16(a)-(b) show the normalized spectrum at 25.5-26 Hz with 
the weight and diameter. Figure I6(c) shows the normalized amplitude spectrum with 
the peel thickness. The normalized spectrum with peel thickness is smaller as 
compared with others. It is shown that classification using normalized spectrum will 
be possible ifthefv either at 35 or 40Hz is chosen. 
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Figure.l5 VFSS spectrum atfv of(a) 25Hz (b) 30Hz (c) 35Hz and (d) 40Hz 
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For clarity sake, the numeric values of spectrums shown in Figure 15 
and 16 are listed in Table 3-6. Table 3 lists the amplitude of/Rat 25.5-26 Hz for four 
different values of /v. It is shown that the spectrum amplitude at low /v is larger than 
those at higher fv. The amplitude spectrum of a good mangosteen is higher than the 
defected ones. Among three defected conditions, the YFSS spectrum obtained from a 
YGL mangosteen is lowest. 

Table 3 VFSS spectrum (mY) 
{;{Hz} Good TFD TFD&YGL YGL 

25 519.88 502.69 511.70 494.36 
30 517.26 496.90 519.60 476.19 
35 491.52 481.14 483.76 396.59 
40 475.49 463.50 473.57 382.59 

Table 4, shows the spectrums normalized by weight. From the experimental 
results at the same.fv., the normalized spectrums by weight of good fruit are higher than 
the defected fruits. The normalized spectrum is large at low /v and is smaller when .f~· 
increases. The results in Table 4 shows that highfv is a promising feature to detect the 
defected fruits. 

Table 4 Normalized VFSS sEectrum with weight (mV/g) 
{;{Hz} Good TFD TFD&YGL YGL 

25 8.53 7.85 7.45 7.76 
30 8.49 7.76 7.56 7.48 
35 8.07 7.52 7.04 6.23 
40 7.80 7.24 6.89 6.01 

Table 5, shows ihe voltage spectrum normalized with diameter of different 
mangosteen conditions. This normalized spectrum with diameter for good fruit is 
higher than the defected fiuits. Larger normalized spectrum is obtained if low f.. is 
chosen. The normalized spectrum with diameter is smallest for a YGL mangosteen. 

Table 5 Normalized VFSS spectrum with diameter (mY/em) 
[v{Hz) Good TFD TFD&YGL YGL 

25 102.10 97.69 97.01 96.93 
30 101.58 96.56 98.50 93.37 
35 96.53 93.50 91.71 77.76 
40 93.38 90.00 89.78 75.02 

Table 6 Normalized VFSS spectrum with peel thickness (mY/em) 
.fv(Hz) Good TFD TFD&YGL YGL 

25 705.88 775.67 769.48 725.67 
30 702.32 766.73 781.36 698.99 
35 667.37 742.41 727.46 582.15 
40 645.61 715.20 712.14 561. 60 
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Table 6 shows the normalized amplitude spectrum with peel thickness for 
different mangosteen conditions. For each.fv value, the normalized spectrums for good 
mangosteens are smaller than the TFD and TFD&YGL fruits. The normalized 
spectrums for good fruits are larger than the YGL fruits condition except at /v of 25 
Hz. 

3.1.2 Autoregression feature 

In this section, the autoregression (AR) technique is applied to analyze the 
VFSS response signal obtained by vibrating base at 25, 30, 35 and 40Hz. A hundred 
mangosteens were tested in this section. Several AR models were applied to these 
VFSS response signals. It is found that the l01h-order AR model is suitable to 
characterize the VFSS signal responses for each /v. By applying the l01h-order AR 
mode!, the AR coefficients (ai), which are obtained by modeling all VFSS signals 
resulted by vibrating base at 25 Hz, are shown in Figure 17. By inspection, the 
coefficient a4 is suitable as a feature due to its well-separated distribution. 

From the result, the values of a4 can be classified to three groups. The first 
group is defined for coefficients which are smaller than -0.10. The second and the 
third groups are defined when the coefficient a4 is greater than 0.10 and between -0. 10 
to 0.10, respectively. In the third group, only good samples fall in this category hence 
the third group will be discarded in our analysis. Only two groups of a4 (0.20< a4 < 
0.10 ami -0.20< a4 < -0.10) are considered. Hence the test mangosteens are classified 
into two groups according to these two groups of a4. 

When applying d~fferent values of.fv, a4 feature is still applicable to classify. 
Other AR coefficients as a feature were investigated. Unfortunately none of them is 
suitable for this application, a1 is less than -0.1. 
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Figure 17 AR coefficients computed from VFSS response signals for 25 Hz.fv 

3.1.3 Resonance frequency feature based onfv at 40 Hz 

Applyingfv at 25, 30, 35 and 40Hz, two/Rat 77 and 187Hz are appeared in 
the VFSS output spectrums as shown in Figure 18. Here we propose to classify 
mangosteens into two groups using/Rat 77 and 187Hz. There are two resonances at 
77 and 187Hz appear for all VFSS spectrums. Ifthe amplitude spectrum at 77Hz is 
larger than the spectrum at 187Hz, the VFSS is considered to resonate at 77Hz and 
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vice versa for another. At /v of 25 Hz, 88 mango steens have /R peaking at 77 Hz where 
other 12 samples have/R peak at 187Hz. At/v of 30Hz, 89 samples have dominant/R 
at 77 Hz and only 11 samples have /R at 187 Hz. At /v of 35 Hz, 85 samples have 
dominant/Rat 77Hz while 15 samples havefR at 187Hz. Finally whenfv at 40Hz 
was applied, there are 51 and 49 fruits for the first (77 Hz) and second groups (187 
Hz). · 

Table 7 shows the summary results using/R to detect good/defected samples 
for different .fv. At a certain /v, the number of mango steens for each testing condition 
for each group is shown. When applying 40 Hz /v, the distribution characteristic in 
each resunance group for each cond1tion is more suitable for detecting a good/defected 
mangosteen. Hence /v at 40 Hz is recommended to classify mango steens. 
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Figure 18 /R at 77 and 187Hz (fv is 40Hz) 

Table 7 Number of samples which have /R at 77 and 187 Hz wit~ .. n~gative AR and 

positive AR for different /v 

Cmtditinn f'i(Hz) 25 30 35 40 
/RjHzi T1 137 77 lSi 77 187 77 187 
- <1.1, -a4 -04 -'!-a,s. .. t14 +a• - !l4 +a4 -a~ +a4 • a4 +a4 -a• +-a~ -a, +a4 . a, ~a4 

<iood 15 I~ 5 0 2 29 4 0 10 21 4 0 10 7 HI 8 

ITD 8 16 I I 7 17 0 2 i 15 0 4 2 9 7 8 
TFD-'-YGL 9 9 I l 3 15 l l 6 ll I 3 5 5 5 5 
YGL 3 l 0 0 0 4 0 0 0 4 0 0 2 0 0 2 
Tot2l 35 41 7 2 12 65 5 3 23 41 5 7 19 21 22 13 

****fifteen mangosteens is detecteri by AR model on.fv at 25Hz 

Figure 19 shows the research methodology proposed in this Thesis. One 
hundred mangosteens w~re vibrated at 40 Hz. The sensors attached to the tested 
mangosteen sense the VFSS response. This time-domain VFSS response will be 
digitized and recorded. Hence there are 100 time-domain VFSS responses for 100 
mangosteens which were vibrated at 40 Hz. Several frequency- and time-domain 
features were investigated. Forfrequency-domain feature, the VFSS output spectrums 
are computed using the FFT technique. Frequency resonances at 77 and 187 Hz are 
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utilized to classify samples. The spectrum estimation using AR technique is used to 
model the VFSS signal. The coefficient a4 of tenth-order AR model is proposed for 
sample classification. The pre-classification process based on these two frequency­
domain features (AR and FFT) is introduced. Four groups of mangosteens; [group 1 : 
a4 is negative and secondfR at 77Hz], [group2: a4 is negative and second/Rat 187Hz], 
[group3 : a4 is possitive and second /R at 77Hz], and [group4 : a4 is possitive and 
second fR at 187Hz]; are obtained. Based on these four groups, eight time-domain 
features are computed from VFSS samples of each group. After pre-classification, a 
feature extraction subsequent with good/defect detection were applied. Three different 
categories are proposed as shown in Table 8. The first technique is achieved by 
adopting an optimum pair of features from 3 6 possible pairs of features for each group 
by observation. From the scatter plot of the selected pair of features, the detection 
threshold is determined by observation. It is well known that observation by human 
can be bias. Therefore an artificial intelligence (AI) technique is introduced in the 
second technique. This technique t>mploys the RES index for selecting an optimum 
pair of features while the threshold is still determined by human observation. The third 
technique applies the RES index for choosing an optimum pair of features and the 
neural network (NN) for detecting a good/defected mangosteen. 
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Table 8 Techniques for feature selection and good/defected detection 
Technique Feature selection Good/defected detection 

A 

B' 

c 

3.2 Case Study 

Scatter plot 

RES index 

RES index 

Scatter plot 

Scatter plot 

NN 

3.2.1 Case study 1: Pre-classification using AR andfR 

24 

In this section, all VFSS output signals of 100 mangosteens are 
analyzed. These VFSS samples will be first classified using a4 and /R as. described in 
Section 3.1.3. Four groups ofVFSS samples; ([group I : a4 is negative and second/Rat 
77Hz], fgroup2 : a 4 is negative and second/Rat 187Hz], [group3 : a4 is possitive and 
second /R at 77Hz], and [group4 : a4 is possitive and second /R at 187Hz]); will be 
obtained. For each VFSS group, time-domain features are computed and three 
techniques listed in Table 8 will be applied. The accuracy performances for each case 
are as follows: 

3.2.1.1 Group1 
(a) Technique A 
The distribution characteristics of all 36 scatter plots are investigated 

and MA V -ZC feature pair is found to be optimum. Figure 20 shows MA V -ZC plot. 
The threshold for MAV and ZC at 0.24-0.38 and 107 is obtained by observation. 
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Figure 20 MAV-ZC plot ([-a4, 77Hz]) 
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(b) Technique B 
The average RES inc exes of all features were calculated and the results 

are plotted in Figure 21. It is shown that MA VSLP and ZC provide two highest RES 
index values among other features. 
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Figure 21 RES indexes of features ([ -a4, 77 Hz]). 

Figure 22 shows MAVSLP-ZC plot. A well separation of each mangosteen condition 
is obtained. By observation, the threshold values for MAVSLP and ZC are 0- 0.027 
and I 02, respectively. · 

(c) Technique C 
Based on the MA VSLP-ZC pair of features selected from RES index, 

NN technique is applied to detect a good/defected sample. The accuracy performances 
of detecting good and defected samples are only 66.67 and 44.44%, respectively. The 
overall accuracy performance of technique Cis 50.00% only, which is lower accuracy 
than Technique A and B in [ -a4, 77Hz] group. 
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Figure 22 MA VSLP-ZC plot ([ -a4, 77 Hz]). 



Table 9 Summary of classification performances ([-a4, 77Hz]). 
Performance (%) 

Technique -G-0-0d--A-=--=-=:..::..::..:=n=c:~~d_A ___ Overall accuracy(%) 
ccuracy e1ecte ccuracy 

A 
B 
c 

70.00, 
70.00 
28.57 

77.78 77.78 70.00 

87.50 
66.67 

88.89 
80.00 

72.72 
44.44 

73.68 
78.95 
5o.oo· 

26 

:'able 9 summarizes the accuracy performances obtained from three techniques 
applied to [-a4, 77Hz] group. It is shown that technique B shows accuracy-of78.95%, 
which is the best classifkation performance in this group. The worst performance is 

obtained from technique C. 

3.2.1.2 Group2 . 
(a) Technique A 
The distribution characteristics of all 36 scatter plots are investigated 

and HIST-RMS feature pair is chosen. Figure 23 shows HIST-RMS plot. The 
threshold for HIST and RMS at 200 - 1900 and 0.47, respectively, is obtained by 
observation. 
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Figure 23 HIST-RMS plot ([-a4, 187Hz]) 
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Figure 24 RES indexes of features ([ -a4, 187 Hz]). 

(b) Technique B 
The RES indexes of all 36 features were calculated. Figure 24 shows the RES 

index values for all features. fiST and SSC provide two highest index values among 
other features. 
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Figure 25 fiST-SSC plot ([-a4, 187Hz]) 

2000 

HIST -SSC plot is shown in Figure 25. By observation, the threshold values for these 
two features are 1900 and 210, respectively. 

(c) Technique C 
Based on the fiST -SSC pair of features selected from RES index, NN 

technique is applied to detect good/defected samples. The accuracy performances of 
detecting good and defected samples are 0.00 and 55.56%, respectively. The overall 
accuracy performance of technique C is 55.56% only, which is much lower accurate 
than technique A and B. 



Table 10 Summary of classification performances ([ -a4, 187 Hz]) 
Performance (%) 

Technique Good A D c: d A 0 11 (o/) ccuracy e1ecte ccuracy vera accuracy /0 

A 
B 
c 

70.00 
50.0Q 
0.00 

70.00 72.73 72.73 71.43 
83.33 
0.00 

90.91 
100.00 

66.67 
55.56 

71.43 
55.56 
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Table 10 summarizes t1.e accuracy performances obtained from three techniques 
applied to [-a4, 187Hz] group. It is shown that technique A andB show equal accuracy 

performance for 71.43%. 

3.2.1.3 Group3 
(a) Technique A 
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Figure 26 HIST-MAV plot ([+a4, 77Hz]) 

0 

The distribution characteristics of all 36 scatter plots aie ·investigated and 
HIST -MA V feature pair is chosen. Figure 26 shows HIST -MA V plot. The threshold 
for HIST and MAV at 400-2000 and 0.31, respectively, is obtained by observation. 
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Figure 27 RES indexes of features ([+a4, 77Hz]). 

29 
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Figure 27 shows the RES index calculated for all features. It is shown that the 
RES index values of W AMP and ZC are highest among other features. W AMP-ZC 
plot is shown in Figure 28. The thresholds for these two features are 700- 840 and 85, 
respectively. 

WAMP 

Figure 28 W AMP-ZC plot ([ +a4, 77 Hz]) 

(c) Technique C 
Based on the HIST -SSC feature pair selected from RES index, NN 

technique is applied to detect good/defected samples. The accuracy performances of 
detecting good and defected samples are 33.33 and 60.00%, respectively. The overall 
accuracy performance oftechnique Cis 53.85% only, which is much lower accurate 
than technique A and B. 



Table 11 Summary of classification performances ([ +a4, 77 Hz]) 

Technique Good A ccuracy 
A 
B 
c 

71.43 71.43 
42.86 
20.00 

100.00 
33.33 

Performance (%) 
Defected Accuracy Overall accuracy 

84.62 84.62 80.00 
100.00 
75.00 

76.47 
60.00 

80.00 
53.85 
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Table II summarizes that the accuracy performances obtained from three techniques 
applied to ([+a4, 77 Hz]) group. It is shown that technique A and B show equal 
accuracy performance for 80.00%. 

3.2.1.4 Group4 
(a) Technique A 

The distribution characteristics of all 36 scatter plots are investigated and 
HIST -MA VSLP feature pair is chosen. Figure 29 shows HIST -MA VSLP plot. The 
threshold for HIST and MA VSLP at 0 to 2000 and 0.005, respectively, is obtained by 
observation. 
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Figure 29 HIST-MAVSLP plot ([+a4, 187Hz]) 

(b) Technique B 

* 

2000 

Figure 30 shows the RES index calculated for all features. It is shown 
that the RES index values of ZC and MA VSLP are highest among other features. 
Therefore these features are chosen to determine for detecting good/defected 
mangosteen in this case. Figure 31 plot MA VSLP and ZC. The thresholds for these 
two features are 0.3 and 180, respectively. 
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Figure31 MAVSLP-ZCplot([+a4, 187Hz]) 

(c) Technique C 
Based on ~he MA VSLP-ZC feature pair selected from RES index, NN 

technique is applied to detect good/defected samples. The accuracy performances of 
detecting good and defected samples are 100.00 and 87.50%, respectively. The overall 
accuracy performance of technique Cis 90.00% only, which is better than technique 
B. 

Technique 

A 
B 
c 

Table 12 Summary of performances ([+a4, 187Hz]) 

___ P_e_rtl_o_r_m_a_n_c_e_,(_'Y<--"0 ) _____ Overall accuracy (%) 
Good Accuracy Defected Accuracy 
100.00 
87.50 
66.67 

88.89 93.33 100.00 
70.00 

100.00 
80.00 
100.00 

92.38 
87.50 

95.65 
82.62 
90.00 
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Table 12 summarizes that the accuracy performances obtained from three techniques 
applied to ([+a4, 187Hz]) group. It is shown that technique A shows the best accuracy 
performance among other features. 

3.2.2 Case•study 2: All VFSS samples 

In this experiment, 15 different techniques are applied to all VFSS output 
signals. Table 13 details these techniques regarding to the methods for spectrum 
estimation, feature selection and good/defected detection. The details for applying 
these 15 techniques to all VFSS samples are as follows: 

Table 13 Summa 
Technique a4 /R(Hz) Feature selection 

I not used not used Scatter plot Scatter plot 

II not used not used RES index Scatter plot 

III not used not used RES index NN 

IV not used 77 Scatter plot Scatter plot 

v not used 187 Scatter plot Scatter plot 

VI not used 77 RES index Scatter plot 

VII not used 187 RES index Scatter plot 

VIII not used 77 RES index NN 

IX not used 187 RES index NN 

X not used Scatter plot Scatter plot 

XI + not used Scatter plot Scatter plot 

XII not used RES index Scatter plot 

XIII + not used RES index Scatter plot 

XIV not used RES index NN 

XV + not used RES index NN 
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(a) Technique I 

Figure 32 IDST-MAVSLP plot (All VFSS samples) 

The distribution characteristics of all scatter plots are investigated and HIST­
MA VSLP feature pair is chosen. Figure 32 shows IDST -MA VSLP plot. The threshold 
is chosen by setting HIST from 500 to 2000 and MASLP for 0.0025. 

(b) Technique II 
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Figure 33 RES indexes offeatures (All VFSS samples) 

Figure 33 shows the RES index of all features. It is shown that the RES index 
values of MA VSLP and IDST features are highest among other features. Therefore 
these two features are chosen for detecting good/defected mangosteen in this case. It is 
shown that two features obtained from technique II are the same features chosen by 
observation in the technique I. The MA VSLP-IDST plot is shown in Figure 32 and the 
threshold values for this plot based on observation are equal to the values obtained 
from technique I. 
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(c) Technique III 
Applying NN method for detecting good/defected sample to the 

MAVSLP and HIST features, the overall accuracy performance is 68.42%. 

(d) Technique IV 
From this technique, the W AMP-WL plot as shown in Figure 34 is 

found to be the optimum features. The (W AMP,WL) threshold for detecting 
good/defected fruit is (7f'J, 350-650). 
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Figure 34 W AMP-WL plot All VFSS samples) 

(e) Technique V 

0 

900 

From this technique, the HIST-MAVSLP plot as shown in Figure 35 is 
found to be optimum features. The threshold values for HIST and MA VSLP are 0 and 
0.0025, respectively. 

1000 1200 2000 

HIST 

Figure 35 MA VSLP-HIST plot (All VFSS samples) 
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(f) Technique VI 
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Figure 36 RES indexes of features (All VFSS samples) 

RES indexes of 8 time-domain features were computed and are shown 
in Figure 36. It is shown that RES indexes of ZC and MAVSLP are highest among 
other features. Hence these two features are chosen for detecting a good/defected 
sampk Figure 3 7 shows MA VSLP-ZC plot. By observation, the thresholds values for 
MAVSLP and ZC are 0-0.03 and 138, respectively. 
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Figure 37 MA VSLP-ZC plot (All samples) 
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(g) Technique VII 
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Figure 38 RES indexes of features (All samples) 

In this case, RES indexes of 8 time-domain features are shown in ·Figure 3 8. It 
is shown that RES indexes of MA VSLP and HIST are highest among other features. 
Hence titese two features are chosen for detecting a good/defected sample. The plot of 
MAVSLP-HIST is shown in Figure 35. Hence the threshold values for these features 
are the values previously obtained by technique V. 

(h) Technique VIII 
From the MAVSLP-ZC plot shown in Figure 33, a single-

hidden NN is applied to detect a good/defected sample. It is found that the overall 
performance for this technique is 66.67%. 

(i) Technique IX 
From the MA VSLP-HIST plot shown in Figure 31, a single-

hidden NN is applied to detect a good/defected sample. It is found that the overall 
performance for this technique is 62.5%. 

G) Technique X 
The VFSS s1.mples with -a4 are analyzed and all possible 

feature pairs were plotted. Based on observation, the feature MA V and MA VSLP are 
found to be optimum. The MAV-MAVSLP plot is shown in Figure 39. The threshold 
values for (MAV, MAVSLP) are (0.24 to 0.42, 0.001 to 0.013). 
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(k) Technique XI 

37 

0.44 

The VFSS samples with have +a4 are analyzed and all possible feature 
pairs were plotted. Based on observation, the feature SSC and ZC are found to be 
optimum. The MAV-MAVSLP plot is shown in Figure 40. The threshold values for 
(SSC, ZC) are (170, 150). 
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Figure 40 SSC-ZC plot (All VFSS samples) 
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(1) Technique XII 
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Figure 41 RES indexes of features (All samples) 

The features of VFSS data samples that have -a4 are computed. Their 
RES indexes are plotted in Figure 41. It is shown in Figure 41 that the RES index 
values ofHIST and WL are highest among other features. 
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Figure 42 HIST-WL plot ([-a4 ], All samples) 

Figure 42 shows HIST-WL plot. Based on observation, the thresholds values for HIST 
and WL are 0-2000 and 500, :-espectively. 

(m) Techrique XIII 
The features of VFSS data samples that have +a4 are computed. Their 

RES indexes are plotted in Figure 43. It is shown in Figure 43 that the RES index 
values of SSC and MA V are highest among other features. 
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Figure 43 RES indexes of features (All VFSS samples) 

Figure 44 shows MA V -SSC plot. Based on observation, the thresholds 
values for MAV and SSC are 0.26-0.40 to 0.31 and 170-220, respectively. 
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Figure 44 MAV-SSC plot (All VFSS samples) 

(n) Technique XIV 
From the features shown in Figure 41, a single-hidden layer NN is 

applied to determine the thresholds for detecting a good/defected sample. The overall 
accuracy performance obtained is 64%. 

( o) Technique XV 
From the features shown in Figure 43, a single-hidden layer NN is 

applied to determine the thresholds for good/defected sample detection. The overall 
accuracy performance obtained is 54.55%. · 
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Table 14 Performances oftechnigues aQQlied to all VFSS samQles 

Technique Performance (%) 
Overall accuracy (%) 

Good Accuracy Defected Accuracy 
I 80.00 50.91 43.75 75.00 59.04 
II 80.QO 50.91 43.75 75.00 59.04 
Ill 33.33 100.00 100.00 62.50 68.42 
IV 82.35 56.00 50.00 78.57 64.10 
v 94.44 56.67 50.00 92.86 68.18 
VI 100.00 53.13 31.82 100.00 61.54 
VII 94.44 56.67 50.00 92.86 68.18 
VIII 100.00 56.25 41.67 100.00 66.67 
IX 30.00 60.00 85.71 63.16 62.50 
X 100.00 77.27 66.67 100.00 ~fi~& 
XI 94.44 68.00 75.76 96.15 82.35 
XII 88.24 62.50 40.00 75.00 65.62 
XIII 72.22 61.90 75.76 83.33 74.51 
XIV 91.67 57.89 38.46 83.33 64.00 
XV 50.00 30.00 56.25 75.00 54.55 

Table 14 shows the accuracy performances of fifteen techniques applied to all 
VFSS signals measured from all mangosteen samples. The details of these techniques 
are summarized in Table 13. It is shown that technique X, which is based on using --a4 

for classification and otservation for feature selection/detection, outperforms other 
techniques. It achieves 84.34% for overall accuracy performance The second best 
performance is obtained from technique XI. The accuracy performance is 82.35%, 
which is comparable to Technique X. The process of technique XI is rather similar to 
Technique X. Only the classification process, which is relied on +a4, differs from 
technique X. Table 15 shows the performances of combined techniques which apply to 
all VFSS samples. The results confirm to apply observation for feature selection and 
detection while using AR model for classification. 

Table 15 Performances of combined technigues aQ~lied to all VFSS sam~les 

Technique Performance (%) 
Overall accuracy (%) 

Good Accuracy Defected Accuracy 
80.00 50.91 43.75 75.00 59.05 

II 80.00 50.91 43.75 75.00 59.04 
Ill 33.33 100.00 100.00 62.50 68.42 

IV&V 88.57 56.36 50.00 85.71 66.27 
VI& VII 97.14 56.67 45.83 95.65 67.47 
VIII& IX 63.16 63.16 70.83 70.83 67.44 
X&XI 97.14 73.91 75.00 97. 30 . -XII&XIII 80.00 62.22 64.58 81.58 71.08 

XIV&XV 77.78 48.28 48.28 77.78 59.57 
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3.2.3 Case study 3: Classification by date 

Jn this case study, a hundr~d mangosteens were prepared for experimenting 
three different days, called Day# 1, Day#2 and Day#3. Fifteen techniques listed in 
Table 13 are applied. The detail results will be given as follows: 

; 

(a) Technique I 
For each sample group, scatter plots of 36 feature pairs are observed. 

The optimum feature pair for each sample group was determined and the threshold 
values for detection will be selected by observation. Figure 45(a), (b) and (c) show the 
optimJm feature pairs for samples of Day# I, Day#2 and Day#3, respectively. The 
optimum features for these three sample groups are RMS-W AMP, MA VSLP-SSC and 
HIST-MAVSLP, respectively. The threshold for Day#l group is chosen by setting 
W AMP for 0-950 and RMS for 0.5. The threshold values for (MAVSLP, SSC) are (0-
12, 180) for Day#2 group. Finally, the threshold for Day#3 group is set with MA VSLP 
and HIST for 0.007 and 200-1800. 
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Figure 45 Optimum feature pairs based on (a) Day#l, (b) Day#2 and (c) Day#3 

Table 16 Summary of performances obtained from Technique'! 
Performance (%) 

Sample Good A D £ d ccu~acy e ecte 
Day#1 
Day#2 
Day#3 

92.31 
90.91 
54.55 

80.00 66.67 
71.43 69.23 
60.00 84.62 

Overall accuracy (%) 
Accuracy 

85.71 81.82 
90.00 79.17 
81.48 75.68 
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Table 16 summarizes the accuracy performances oftechnique I applied 
to three sample groups (Day#l, Day#2 and Day#3). The overall accuracy 
performances obtained from Day#1, Day#2 and Day#3 groups based on technique I 
are 81.82, 79.17 and 75.68%, respectively. 
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(b) Technique II 
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(c) 
Figure 46 RES indexes of features based on (a) Day#l (b) Day#2 and (c) Day#3 

RES indexes of time-domain features computed from VFSS samples for 
Day#l, Day#2 and Day#3 are shown in Figure 46(a)-(c), respectively. Shown in 
Figure 46(a), MAVSLP :.tnd HIST provide RES indexes more than other six features . 

. Hence MA VSLP and HIST are the optimum features for Day# 1 sample. Figure 46(b) 
shows the RES index values of all features computed from Day#2 VFSS samples. It is 
shown that MA V and RMS are the optimum features for this case. For Day#3 sample, 
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MA VSLP and MA V provide highest RES index values among other features. Hence 
the optimum features for Day#3 sample are MA VSLP and MA V. 
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(c) 
Figure 47 Optimum feature pairs based on (a) Day#1, (b) Day#2 and (c) Day#3 

The plots of optimum feature pairs for Day#1, Day#2 and Day#3 samples are 
shown in Figure 47(a)-(c)_ In Figure 43(a), the threshold for MAVSLP is 0.006. For 
Figure 47(b) and 47(c), the threshold values for (MA V,RMS) and (MAVSLP,SSC) are 
(0.34,0.4-0.65) and (6.2, 150-240) respectively. 

:able 17 summarizes the accuracy performances of technique II applied to 
three sample groups (Day#1, Day#2 and Day#3). The overall accuracy performances 
obtained from Day#1, Day#2 and Day#3 groups based on technique II are 59.09, 
66.67 and 64.86%, respectively. 

Table 17 Summary of performances obtained from Technique II 
Performance (%) 

Sample Good A D fc t d ccuracy e ec e 
Day# I 53.85 70.00 66.67 

Overall accuracy (%) 
Accuracy 

50.00 59.09 

Day#2 72.73 61.54 61.54 72.73 66.67 
~_3 __ 9~0_.9_1 ____ 4_5_.4_5 _____ 53_._85 ______ 93_.3~3~ _______ 6_4_.8_6 ____ ___ 

(c) Technique III 
Selected features obtained from technique II as shown in Figure 43(a)­

(c) are applied to NN method. The overall accuracy performance obtained from Day#l 
sample is 58.33%. For Day#2 sam;>le, the overall accuracy performance is 42.86%. 

Finally, the total accuracy performance for Day#3 sample is 65.00% as shown in 
Table 18. 

Table 18 Summary ofperformances obtained from Technique III 
Sample Performance(%) 

Day#1 
Day#2 
Day#3 

Good Accuracy Defected 
37.50 100.00 100.00 
14.29 33.33 71.43 
16.67 33.33 85.71 

Accuracy 
44.44 
45.45 
70.59 

Overall accmacy (%) 

58.33 
41.86 
65.00 
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(d) Technique IV 
In this section, the VFSS response samples which have/Rat 77 Hz are 

of interest. For Day# 1 sample, HIST -MA VSLP and HIST -ZC are chosen for the 
optimum feature pairs. The HIST -MA VSLP plot is shown in Figure 48(a). The 
threshold values of HIST and MAVSLP are 1500 and 0-0.02, respectively. Figure 
48(b) shows ZC-HIST plot and the threshold values for detecting a good/defected 
mangosteen are 85-130 and 600-1800, respectively. 

The mangosteen samples chosen for Day#2 sample are experimented as 
similar as the Day#l sample. By observation, MAV-RMS and HIST-MAV are found 
to be the most optimum feature pairs for Day#2 sample. Figure 48( c)-( d) ·.show MA V­
RMS and HIST -MA V plots, respectively. The threshold v~Jues for RMS and MA V as 
shown m Figure 48(c) is 0.48-0.60 interval and 0.35, respectively. The threshold 
values for Figure 48(d) is chosen by setting MAY for 0.30-0.39 and HIST for 1300. 
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Figure 48 Optimum feature pairs based on (a)-(b) Day#1 and (c)-(d) Day#2 samples 
obtained from Technique III. 

Table 19 Summary of performance obtained from Technique IV 

Sample ------=P~e.::....rfi....::....::...o.....;rm==a.....;n.....;ce~(o_Yo:....~.)--=---- Overall accuracy (%) 
Good Accuracy Defected Accuracy 

Day# I 
Day#2 
Day#J 

100.00 100.00 100.00 100.00 
90.00 81.82 80.00 88.89 
0.00 0.00 100.00 100.00 

100.00 
85.00 
100.00 

Table 19 summarizes the accuracy performances of technique IV 
applied to three sample groups (Day#1, Day#2 and Day#3). The overall accuracy 

· performances obtained from Day#1, Day#2 and Day#3 samples based on technique III 
are 100.00, 85.00 and 100.00%, respectively. 
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(e) Technique V 
In this section, the VFSS response samples which have/Rat 187 Hz are 

of interest. For Day#1 group, HIST-WAMP and MAV-MAVSLP are chosen for the 
optimum feature pairs. The HIST-\YAMP plot is shown in Figure 49(a). The threshold 
values of HIST and W AMP are 1750 and 750-1000, respectively. Figure 49(b) shows 
MA V -MA VSLP plot and the threshold values for detecting a good/defected 
mangosteen are 0.005 and 0.3, respectively. 

The mangosteen samples chosen for Day#2 sample are experimented as 
similar as the Day#1 sample. By observation, MAVSLP-SSC is found to be the most 
optimum feature pair for Day#2 group. Figure 49(c) shows MAVSLP-SSC plot. The 
threshold values for MAVSLP and SSC as shown in Figure 49( c) are 0.5 and 176-190, 
respectively. For Day#3 group, MA VSLP and W AMP are the best features among 
other time-domain features. Figure 49( d) shows the MA VSLP-MA V plot. The 
threshold values for MAVSLP and MAV are 0.007 and 0-0.34, respectively. 
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Figure 49 Optimum feature pairs based on (a)-(b) Day#l, and (c) Day#2 and (d) 
Day#3 samples obtained from technique V 

(f) Technique V 1 
In this section, the VFSS response samples which have /R at 77 Hz are 

of interP.st. RES indexes of eight time-domain features computed from the VFSS 
samples for Day#l, Day#2 and Day#3 are shown in Figure 50(a)-(c), respectively. For 
Day# I group, the RES index values of MAVSLP and HIST features shown in Figure 
50(a) are higher than other features. Figure 50(b) shows the RES index values 
obtained from the time-domain features performing on Day#2 group. It is shown in 
Figure 50(b) that the RES index values of MA V and RMS are highest among other 
features. Figure 50(c) shows the RES index values obtained for Day#3 group. It is 
shown that the RES index values of ZC and HIST features are higher than other 
features. 
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Figure 5l(a) shows the plot of HJST-MA VSLP feature pair computed 
from VFSS samples on Day# I group. The thresholds forMA VSLP and HIST are 0-
0.015and 1500, respectively. For Day#2 group which is shown in Figure 5l(b), the 
MAV-RMS plot suggests to select the thresholds forMA V and RMS at 0.3-0.39 and 
0.48-0.52, respectively. For Day#3 group, the thresholds for ZC and HIST are 120 and 
800 as shown in Figure 51 (c). 
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Table 20 shows the accuracy performances obtained by applying 
technique VI. The accuracy performances for Day#l, Day#2 and Day#3 groups are 
81.82, 75.00 and 100.00~6, respectively. 

Table 20 Summary of performances Day#l-Day#3) using technique VI 
Performance (%) Sample -G-0-0-d----'---'---~--'------ Overall accuracy (%) 

Accuracy Defected Accuracy 
Day# I 
Day#2 
Day#3 

100.00 77.78 100.00 100.00 
90.00 69.23 60.00 85.71 
0.00 0.00 100.00 100.00 

(g) Technique VII 

81.82 
75.00 
100.00 

In this section, the VFSS response samples which have/Rat 187 Hz are 
of interest. RES indexes of eight time-domain features computed froin the VFSS 
samples for Day#l, Day#2 and Day#3 are shown in Figure 52(a)-(c), respectively. For 
Day# I group, the RES index values of MAVSLP and HIST features shown in Figure 
52(a) are higher than other features. Figure 52(b) shows the RES index values 
obtained from the time-comain features performing on Day#2 group. It is shown in 
Figure 52(b) that the RES index values ofMAVSLP and SSe are highest among other 
features. Figure 52(c) shows the RES index values obtained for Day#3 group. It is 
shown that the RES index values of MA VSLP and W AMP features are higher than 
other features. 

Figure 53( a) shows the plot of HIST-MAVSLP feature pair computed 
from VFSS samples on Day# I group. The thresholds for MA VSLP and HIST are 
0.0275 and 1700, respectively. For Day#2 group which is shown in Figure 53(b), the 

. MAVSLP-SSe plot suggests to select the thresholds for MAVSLP and SSe at 0.50 
and 176-190, respectively. For Day#3 group, the thresholds for MA VSLP and W AMP 
are 0-0.35 and 875 as shown in Figure 53( c). 
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samples obtained from technique VII 

Table 21 shows the accuracy performances obtained by applying 
technique VII. The accuracy performances for Day#1, Day#2 and Day#3 groups are 
72.73, 100.00 and 82.76%, respectively. 

Table 21 Summary ofperformances (Day#1-Day#3) using technique VII 
Performance (%) 

Sample -G-0-0-d--A----"~--'--D-'---fi--'--'~d'--A---- Overall accuracy (%) 
ccuracy e ecte ccuracy 

Day#1 66.67 80.00 80.00 66.67 
Day#2 100.00 100.00 100.00 100.00 
Day#3 72.73 80.00 57.14 84.21 

(h) Technique VIII 

72.73 
100.00 
82.76 

From the features shown in Figure 48, a single-hidden layer NN 
is applied to determine the thresholds for good/defected sample detection. The overall 
accuracy performance o~tained for Day# I, Day#2 and Day#3 groups as shown in 
Table 22 are 66.67, 55.56 and 100.00%, respectively. 

Table 22 Summary of performances (Day#1-Day#3) using Technique VIII 
Performance (%) Sample -G-

0
-
0
-d ____ :...__ __ __,__.L.._ ____ Overall accuracy (%) 

Accuracy Defected Accuracy 
Day#1 
Day#2 
Day#3 

50.00 50.00 100.00 50.00 
20.00 50.00 83.33 55.56 
100.00 100.00 100.00 100.00 

66.67 
55.56 
100.00 

I 
d 

l 
''ll 

i 
.j 
-I 
J 
l 
j 



56 

(i) Technique IX 
From the features shown in Figure 50, a single-hidden layer NN is 

applied to determine the thresholds for detecting a good/defected sample. The overall 
accuracy performance obtained for Day#l, Day#2 and Day#3 groups as shown in 
Table 23 are 100.00, 100.00 and 50.00%, respectively . . 
Table 23 Summary of performances ([187Hz], Day#l-Day#3) using Technique IX 

Performance (%) Sample -G-
0
-

0
-d ___ .:.._~----'----'----- Overall accuracy (%) 

Day# I 
Day#2 
Day#3 

Acruracy Defected Accuracy 
100.00 100.00 100.00 100.00 
100.00 100.00 100.00 100.00 
33.33 33.33 60.00 60.00 

(j) Technique X 

100.00 
100.00 
50.00 

In this section, the VFSS response samples which have -a4 are of 
interest. The technique is based on observation for choosing features and thresholds 
for detection. For Day#l sample, MAVSLP-RMS pair is chosen for the optimum 
features. The RMS-MA VSLP plot is shown in Figure 54( a). The threshold values of 
RMS and MAVSLP are 0.55 and 0-0.014, respectively. Figure 54(b) shows SSC-WL 
plot. These two features are the optimum features for Day#2 group. The threshold 
values for detecting a good/defected mangosteen are 185 and 480-620, respectively. 
The ma11gosteen samples chosen for Day#3 sample are experimented as similar as the 
Day# 1 and Day#2 groups. By observation, WL and RMS features are found to be the 
most optimum features. Figure 54( c) shows WL-RMS and plot. The threshold is set by 
choosing RMS and WL for 537 and 0.452-0.47, respectively. 

(J) 
::;; 
a: 

* 

(a) 

0 

0 



(I) 
:;; 
a: 

500 

480 

0 

160 

** * 0 

0 

170 180 190 
sse 

(b) 

538 
WL 

(c) 

0 

200 

540 

57 

0 

210 220 

542 544 546 

Figure 54 Optimum feature pairs based on (a) Day#l, (b) Day#2 and (c) Day#3 groups 
obtained from technique X 

Table 24 shows the accuracy performances obtained by applying technique X. The 
accuracy performances for Day#l, Day#2 and Day#3 groups are 75.00, 81.82 and 
80.00%, respectively. 

Table 24 Summary of performances (Day#l-Day#3) using technique X 
_____ P_erformnnce (%) 

Sample Good A D fi t d ccuracy e ec e 
Day# I 
Day#2 
Day#3 

88.89 
100.00 
100.00 

72.73 57.14 
75.00 60.00 
66.67 66.67 

Overall accuracy(%) 
Accuracy 

80.00 
100.00 
100.00 

75.00 
81.82 
80.00 
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(k) Technique XI 

In this section, the VFSS response samples which have +a4 are of 
interest. The technique is based on observation for choosing features and threholds for 
detection. For Day#l group, SSC-WAMP pair is chosen for the optimum features. The 
SSC-W AMP plot is shown in Figure 55( a). The threshold values of SSC and W AMP 
are 175-225 and no: respectively. Figure 55(b) shows SSC-WAMP plot. These two 
featur~s are the optimum features for Day#2 group. The threshold values for detecting 
a good/defected mangosteen, (SSC,W AMP), are (222,900). The mangosteen samples 
chosen for Day#3 group are experimented as similar as the Day# 1 and Day#2 groups 
By observation, HIST and MAVSLP features are found to be the most optimum 
features. Figure 55(c) shows HIST-MAVSLP plot. The threshold is set by choosing 
HIST and MAVSLP for 0-1600 and 0.006, respectively. 
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Figure 55 Optimum feature pairs based on (a) Day#1, (b) Day#2 and (c) Day#3 
obtained from technique XI 

Table 25 shows the accuracy performances obtained by applying technique XL The 
accuracy performances for Day#l, Day#2 and Day#3 groups are 100.00, 84.62 and 
81.82%, respectively. 

Table 25 Summary of performances (Day#l-Day#3) using technique XI 
Performance (%) 

Sample -G-
0
-
0
-d--A-----D-fi----'"--d-<---A---- Overall accuracy (%) 

ccuracy e ecte ccuracy 
Day#1 100.00 100.00 100.00 100.00 100.00 
Day#2 1 oo.oo 71.43 75.00 100.00 84.62 
Day#3 77.78 70.00 86.96 90.91 84.38 

(I) Technique XII 
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In this section, the VFSS response samples which have -a4 are of 
interest. RES indexes of eight time-domain features computed from the VFSS samples 
for Day#l, Day#2 and Day#3 are shown in Figure 56(a)-(c), respectively. For Day#l 
group, the RES index values of HIST and RMS features shown in Figure 56( a) are 
higher than other features. Figure 56(b) shows the RES index values obtained from the 
time-domain features performing on Day#2 group. It is shown in Figure 56(b) that the 
RES index values of SSe and WL are highest among other features. Figure 56(c) 
shows t!te RES index values obtained for Day#3 group. It is shown that the RES index 
values of WL and RMS features are higher than other features. 

Figure 57fa) shows the plot ofHIST-RMS feature pair computed from 
VFSS samples on Day# I group. The thresholds for HIST and RMS are 1600 and 0.40-
0.65, respectively. For Day#2 group which is shown in Figure 57(b), the SSe-WL plot 
suggests to select the thresholds for sse and WL at 185 and 420-620, respectively. 
For Day#3 group, the thresholds for WL and RMS are 536 and 0.452-0.47 as shown in 
Figure 57 (c). 
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Figure 57 Optimum feature pairs based on (a) Day#l, (b) Day#2 and (c) Day#3 group 
obtained from technique XII 

Table 26 Summary of~erformances (Day#l-Day#3) using technigue XII 

Sample Performance {%) 
Overall accuracy(%) Good Accurac! Defected Accuracy 

Day# I 100.00 81.82 71.43 100.00 87.50 
Day#2 100.00 75.00 60.00 100.00 81.82 
Day#3 100.00 66.67 66.67 100.00 80.00 

Table 26 shows the accuracy performances obtained by applying technique XII. The 
accuracy performances for Day#l, Day#2 and Day#3 groups are 87.50, 100.00 and 
80.00%, respectively. 

(m) Technique XIII 
In this section, the VFSS response samples which have +a4 are of 

interest. RES indexes of ~ight time-domain features computed from the VFSS samples 
for Day#l, Day#2 and Day#3 groups are shown in Figure 58(a)-(c), respectively. For 
Day#l group, the RES index values of ZC and HIST features shown in Figure 58( a) 
are higher than other features. Figure 57(b) shows the RES index value8 obtained from 
the time-domain features performing on Day#2 group. It is shown in Figure 58(b) that 
the RES index values of SSC and W AMP are highest among other features. Figure 
58( c) shows the RES index values obtained for Day#3 group. It is shown that the RES 
index values of MA VSLP and W AMP features are higher than other features. 
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Figure 59(a) shows the plot of ZC-HIST feature pair computed from VFSS 
samples on Day#l group. The thresholds for ZC and HIST are 90-97 and 400-2000, 
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. respectively. For Day#2 group which is shown in Figure 59(b), the SSC-WAMP plot 
suggests to select the thresholds for SSC and W AMP at 190 and 600-900, 
respectively. For Day#3 group, the thresholds forMA VSLP and W AMP are 0.005 and 
660-800 as shown in Figure 59( c). 
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Figure 59 Optimum feature pairs based on (a) Day#l, (b) Day#2 and (c) Day#3 groups 
obtained from technique XIII 

Table 27 shows the accuracy performances obtained by applying technique XIII. The 
accuracy performances for Day#l, Day#2 and Day#3 groups are 100.00, 80.00 and 
33_33%, respectively. 

Table 27 Summary ofperformances (Day#l-Day#3) using technique XIII 
Performance (%) Sample -G-

0
-
0

-d--A----=:_____:c:c--=--=--:---=-=-::_:__n__:_:ti ~t'----'d-L-_A____ Overall accuracy (%) 
ccuracy ;.Je ec e ccuracy 

Day# I 
Day#2 
Day#3 

100.00 
100.00 

100.00 100.00 100.00 100.00 
71.43 60.00 

100.00 33.33 0.00 

(n) Technique XIIII 

100.00 
0.00 

80.00 
33.33 

From the features shown in Figure 54, a single-hidden layer NN is 
applied to determine the thresholds for good/defected sample detection. The overall 
accuracy performance obtained for Day#l, Day#2 and Day#3 groups as shown in 
Table 28 are 80.00, 50_00 and 33.33%, respectively. 

Table 28 Summary ofperformances (Day#l-Day#3) using technique XIV 
Performance (%) 

Sample Good A D ti t d ccuracy e ec e 
Day# I 
Day#2 
Day#3 

100.00 
100.00 
100.00 

71.43 60.00 
50.00 
33.33 

0.00 
0.00 

(o) Technique XV 

Overall accuracy (%) 
Accuracy 

100.00 
0.00 
0.00 

80.00 
50.00 
33.33 

From the features shown in Figure 56, a single-hidden layer NN is 
applied to determine the thresholds for detecting a good/defected sample. The overall 
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accuracy performance obtained for Day# 1, Day#2 and Day#3 groups as shown in 
Table 29 are 33.33, 62.50 and 64.71%, respectively. 

Table 29 Summary of performances (Day#l-Day#3) using technique XV 
Performance (%) 

Sample -G-
0
-
0
-d-'--------->---L--A---- Overall accuracy (%) 

Accuracy Defected ccuracy 
Day#l 100.00 33.33 o.oo o.oo 33.33 

Day#2 33.33 50.00 80.00 50.00 62.50 

Day#3 60.00 42.86 75.00 80.00 64.71. 

3.3 Research Syntheses and Discussion 

3.3.1 Background 
. The objectives are to study electrical based NTD techniques to detect internal 

defectecl mangosteens, which are TFD and YGL. A hundred mangosteens purchased 
directly from garden at Nakornsritummarat province were tested. The mangosteens 
were vibrated and their responses in the form of VFSS samples were recorded. The 
tested samples were vibrated at single frequency ranging from 25 to 40 Hz. The 
voltage amplitude of vibration is 2.5 volt. 

3.3.2 Summary of Accuracy Performances 

3.3.2.1 Pre-classification using AR and/R 
The accuracy performances based on applying pre-classification 

process using AR model and resonance spectrum are summarized in this section. 
There are four pre-classification techniques and three selection/detection techniques 
(A, B, C) as described in Table 8 applied to the classified VFSS groups. As shown in 
Table 30, there are 12 cases obtained from the combinations between pre-classification 
techniques developed from two frequency-domain features and three 
selectioP/detection techniques. TabL~ 30 summarizes their accuracy performances. The 
best pertbrmance, which is 95.65%, is obtained by applying technique A to the VFSS 
samples which have +a4 and/R at 187Hz. The second best performance is obtained by 
applying technique C to VFSS samples which have +a4 and/R at 187Hz. 

Table 30 Performances of techniques obtained by aQQlying Qre-classification methods 
Performance (%) Overall 

Case a4 /R(Hz) Technique 
Good Accuracy Defected Accuracy 

accuracy 
(%) 

1 77 A 70.00 77.78 77.78 70.00 73.68 

2 77 B 70.00 87.50 88.89 72.73 78.95 

3 77 c 28.57 66.67 80.00 44.44 50.00 

4 187 A 70.00 70.00 72.73 72.73 71.43 

5 187 B 50.00 83.33 90.91 66.67 71.43 
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6 187 c 0.00 0.00 100.00 55.56 55.56 
7 + 77 A 71.43 71.43 84.62 84.62 80.00 
8 + 77 B 42.85 100.00 100.00 76.47 80.00 
9 + 77 c 20.00 33.33 75.00 60.00 53.85 

10 + 187 'A 100.00 88.89 93.33 100.00 -~~s 
11 + 187 B 87.50 70.00 80.00 92.31 82.61 
12 + 187 c 66.67 100.00 100.00 87.50 90.00 

Shown in Table 30, the technique that provides the best accuracy 
performance for each pre-classification group can be determined. There are six cases 
from foPr groups. These cases are 2, 4, 5, 7, 8 and 10 as shown in Table 30. Table 31 
shows the accuracy performances of the techniques obtained by combining the best 
case for each pre-classification group. The cases obtained from these combinations are 
(2&4&7&10), (2&5&7&10, (2&4&8&10) and (2&5&8&10). It is shown in Table 31 
that the case (2&4&7&10) provides the best accuracy performance among other cases. 

Table 31 Performances oftechniques obtained by applying a combination of pre­
classification methods. 

Case Performance (%) 
_____ __:.__::____:_:_::_____,_--L____ Overall accuracy (%) 

Good Accuracy Defected Accuracy 
2&4&7&10 88.57 79.49 83.33 90.91 
2&5&7&10 71.43 80.65 87.50 
2&4&8& 1 0 71.43 
2&5&8&10 65.71 

80.65 
85.19 

87.50 
91.67 

80.77 
80.77 
78.57 

iii:~ 
I?MB!t 
80.72 
80.72 
80.72 

Table 32 Performances of applie~ techniques based on pre-classification method. 

Technique Performance (%) 
Good Accuracy Defected 

A 77.14 77.14 83.33 
B 62.86 81.48 89.58 
c 26.32 62.50 88.00 

Overall accuracy (%) 
Accuracy 

83.33 
76.79 
61.11 

-. 
. 

78.31 
61.36 

Table 32 shows the overall performances of three feature 
selection/detection techniques. It is shown that technique A, which is based on 
observation, provides the best accuracy performance. The technique achieves 80.72%. 
Technique C, which is based on RES index and NN method, provides the worst 
accuracy performance among others. 
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3.3.2.2 All VFSS samples 

Table 33 Performances oftechnigues aQQlied to all VFSS sam2Ies 

Technique Performance (%) 
Overall accuracy (%) 

Good Accuracy Defected Accuracy 
80.00 50.91 43.75 75.00 59.04 

II 80.00 50.91 43.75 75.00 59.04 
Ill 33.33 100.00 100.00 62.50 68.42 
IV 82.35 56.00 50.00 78.57 64.10 
v 94.44 56.67 50.00 92.86 68.18 
VI 100.00 53.13 31.82 100.00 61.54 
VII 94.44 56.67 50.00 92.86 68.18 
VIII 100.00 56.25 41.67 100.00 66.67 
IX 30.00 60.00 85.71 63.16 62.50 
X 100.00 77.27 66.67 100.00 ~-.,,;0':'%'""'"",_.,, 

XI 94.44 68.00 75.76 96.15 82.35 
XII 88.24 62.50 40.00 75.00 65.62 
XIII 72.22 61.90 75.76 83.33 74.51 
XIV 91.67 57.89 38.46 83.33 64.00 
XV 50.00 30.00 56.25 75.00 54.55 

Table 33 shows the accuracy performances of fifteen techniques applied to all 
VFSS signals measured from all mangosteen samples. The details of these techniques 
are summarized in Table 13. It is shown that technique X, which is based on using -a4 

for clas--ification and observation ~or feature selection/detection, outperforms other 
techniques. It achieves 84.34% for overall accuracy performance The second best 
performance is obtained from technique XI. The accuracy performance is 82.35%, 
which is comparable to Technique X. The process of technique XI is rather similar to 
Technique X. Only the classification process, which is relied on +a4, differs from 
technique X. Table 34 shows the performances of combined techniques which apply to 
all VFSS samples. The results confirm to apply observation for feature selection and 
detection while using AR model for classification. 

Table 34 Performances of combined technigues aQ.Qlied to all VFSS sam12les 

Technique Performance (%) 
Overall accuracy (%) 

Good Accuracy Defected Accuracy 
I 80.00 50.91 43.75 75.00 59.05 
II 80.00 50.91 43.75 75.00 59.04 
Ill 33.33 100.00 100.00 62.50 68.42 

IV&V 88.57 56.36 50.00 85.71 66.27 
VI& VII 97.14 56.67 45.83 95.65 67.47 
VIII& IX 63.16 63.16 70.83 70.83 67.44 
X&XI 97.14 73.91 75.00 97.30 -XII &XIII 80.00 62.22 64.58 81.58 71.08 

XIV&XV 77.78 48.28 48.28 77.78 59.57 
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3.3.2.3 Classification based on experiment day 
All mangosteen samples were divided into three groups based on 

experiment day. These three groups are named Day#l, Day#2 and Day#3. Fifteen 
techniques detailed in Table 13 were applied to each VFSS sample group. The 
accuracy performances of these techniques applied to each sample group are shown in 
Table 35-37. Some similar techniques were combined and applied to the VFSS 
samples for each group. The accuracy results are shown in Table 38-39. From Table 
38, the accuracy performances obtained from Technique IV combined with V provides 
the best accuracy performance. It achieves 90.36%. The second best performance is 
obtained by applying technique X and XI. Considering the accuracy performances of 
combined technique applied to the individual group, Technique IV coml?ined with V 
outperforms other combined ones. 
__ Table 35 Performances oft~chniques applied to Day#l VFSS samples 

Technique 
Performance (%) 

Overall accuracy (%) ~ 

Good Accuracy Defected Accuracy 
92.31 80.00 66.67 85.71. 81.82 

II 53.85 70.00 66.67 50.00 59.09 
Ill 37.50 100.00 100.00 44.44 58.33 
IV 100.00 100.00 100.00 100.00 •• '""':~( ,:., " '·' ~--

v 100.00 100.00 100.00 100.00 - "' 
VI 100.00 77.78 100.00 100.00 81.82 
VII 66.67 80.00 80.00 66.67 72.73 
VIII 50.00 50.00 100.00 50.00 66.67 
IX 100.00 100.00 100.00 100.00 - ' 

X 88.89 72.73 57.14 80.00 75.00 . 
XI 100.00 100.00 100.00 100.00 -XII 100.00 81.82 71.43 100.00 87.50 

XIII 100.00 100.00 100.00 100.00 -XIV 100.00 71.43 60.00 100.00 80.00 
XV 100.00 33.33 0.00 0.00 33.33 

.. Table 36 Perfornances oftechnigues applied to Day#2 VFS~ s~mples 

Technique 
Performance (%) 

Overall accuracy (%) 
Good Accuracy Defected Accuracy 
90.91 71.43 69.23 90.00 79.17 

II 72.73 61.54 61.54 72.73 66.67 
Ill 14.29 33.33 71.43 45.45 42.86 
IV 90.00 81.82 80.00 88.89 85.00 
v 100.00 100.00 100.00 100.00 -Y, : 

. ""'' 

VI 90.00 69.23 60.00 85.71 75.00 
VII 100.00 100.00 100.00 100.00 - 0 

VIII 20.00 50.00 83.33 55.56 54.55 
IX 100.00 100.00 100.00 100.00 - . 

X 100.00 75.00 60.00 100.00 81.82 
XI 100.00 71.43 75.00 100.00 84.62 
XII 100.00 75.00 60.00 100.00 81.82 
XIII 100.00 71.43 75.00 100.00 84.62 
XIV 100.00 50.00 0.00 0.00 50.00 
XV 33.33 50.00 80.00 50.00 62.50 
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Table 37 Performances oftechniques applied to Day#3 VFSS samples 

Technique 
Performance (%) 

Overall accuracy (%) 
Good Accuracy Defected Accuracy 
54.55 60.00 84.62 81.48 15.68 

II 90.91 45.45 53.85 93.33 64.86 
Ill 16.67 33.33 85.71 70.59 65.GO 
IV 0.00 0.00 100.00 100.00 ~~ 
v 72.73 80.00 88.89 84.21 82.76 
VI 0.00 0.00 100.00 100.00 E:!ti{) 
VII 72.73 80.00 88.89 84.21 82.76 
VIII 0.00 0.00 100.00 100.00 t\(1(721}0 
IX 33.33 33.33· 60.00 60.00 50.00 
X 100.00 66.67 66.67 100.00 80.00 
XI 77.78 70.00 86.96 90.91 84.38 
XII 100.00 66.67 66.67 100.00 80.00 
XIII 77.78 53.85 73.91 89.47 75.00 
XIV 100.00 33.33 0.00 0.00 33.33 
XV 60.00 42.86 75.00 80.00 64.71 

Table 38 Performances of combined techniques applied to Day#l-Day#3 VFSS 
samQles 

Technique 
Performance (%) Overall accuracy (%) 

Good Accuracy Defected Accuracy 
I 80.00 76.92 76.47 79.59 78.22 
II 72.00 72.00 72.55 72.55 72.28 
Ill 23.81 55.56 84.00 56.76 56.52 

IV&V 88.57 88.57 91.67 91.67 .. 
VI& VII 82.86 76.32 81.25 86.67 81.93 
VIII& IX 42.11 61.54 84.38 71.05 68.63 
X&XI 97.14 75.56 77.08 97.34 85.54 

XII&XIII 100.00 72.92 72.92 100.00 84.34 
XIV&XV 77.78 50.00 51.72 0.00 61.70 

Table 39 Performances of combined techniques applied to three different sample 
groups 

Technique 
Sample group 

Day# I Day#2 Day#3 
81.82 79.17 75.68 

II 59.09 66.67 64.86 
Ill 58.33 42.86 65.00 

IV&V •• - -VI&VII 77.27 79.17 86.49 
VIII& IX 83.33 66.67 66.67 
X&X.I' 81.82 83.33 83.78 

XII&XIII 90.91 83.33 75.68 
XIV&XV 69.23 57.14 60.00 
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3.3.2.4 Performa,nce comparison 
In this section, the accuracy performances of fifteen techniques and 

nine combined techniques previously presented in Section).3.2.2 (all VFSS samples) 
and 3.3.2.3 (Day#l, Day#2 and Day#3) are compared and summarized. The 
comparisons will lead to justify which technique is suitable to apply. Table 40 shows 
the comparison perfonnances of 15 techniques applied to two conditions, without pre­
classification and with pre-classification into three subgroups (by day). It is shown that 
technique IV by day with pre-classification provides the best accuracy performance 
while the technique X by all sample provides the best accuracy performance if no pre­
classification is applied. However, the performance obtained from the first case is 
better, v.·hich is 10% more than the :atter case. Table 41 shows the combined accuracy 
performance of the techniques. Results of nine experimental cases are shown. It is 
shown that the case applving technique IV and V by day with pre-classification is the 
most suitable choice among other cases. 
Table 40 Comparison performances oftechniques without and with pre-classification 

(by day) 

Technique 
Sample group 

All samples Day#1-#3 
I 59.04 78.22 
II 59.04 72.28 
Ill 68.42 56.52 
IV 64.10 Rti!ll ' ~- W>-.:.<':$m 

v 68.18 88.64 
VI 66.67 69.23 
VII 68.18 93.18 
VIII 66.67 63.16 
IX 62.50 67.86 
X - 84.38 
XI 82.35 78.12 
XII 65.62 73.68 
XIII 74.51 86.27 
XIIII 64.00 80.39 
XV 54.55 60.71 

Table 41 Comparison performances ofthe techniques applied to combined samples 
Technique Sample group 

All samples Day#1-#3 

II 
Ill 

IV&V 
VI& VII 
VIII& IX 
X &XI 

XII&XIII 
XIV&XV 

59.04 78.22 
59.04 72.28 
68.42 56.52 
66.27 ... 
67.47 81.93 
67.44 68.63 

- 85.54 
71.08 84.34 
59.57 61.70 

'"..~ 
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Chapter 4 

Conclusion· and Future Works 

4.1 Conclusion 

The VFSS response data of a mangosteen has been proposed to apply 
for detecting good and internal-defected mangosteen. Two internal defects, TFD and 
YGL, are of interest. The VFSS response was obtained by sensing electrical signal of 
vibration response of a mangosteen under test. Four different vibration frequencies at 
various frequencies 25, 30, 35 and 40 Hz were investigated and several frequency­
domain transfer functions were prcposed. Several transfer functions were developed 
and the experimental results suggest to apply a 40 Hz vibration frequency to test 
mangosteen. It was found that pericarp hardness and fruit size should be taken into 
account. (paper IV). 

Several frequency-domain and time-domain features were studied to 
apply for detecting good and defected condition. For frequency-domain technique, two 
spectrum estimation techniques, FFT and AR model were investigated. The FFT 
technique was applied to VFSS response samples to investigate the resonance 
characteristics. Two resonance frequencies, 77 and 187 Hz, are of interest and were 
applied to classify the internal quality of mangosteens. The second spectral estimation 
technique called AR model is proposed to model the VFSS outputs. Based on this 
work, a tenth-order AR model was chosen and the coefficient a4 of the AR model as 
the feature provides the optimum result. Therefore the characteristic of a4 with 
mangosteen condition was thoroughly investigated and the threshold for a4 for 
detecting good and defected mangosteen was reported. (paper III). 

Eight time-domain features (MA V, RMS, MA VSLP, W AMP, SSC, 
WL, ZC, HIST) computed from VJ.SS responses were thoroughly investigated. Two­
dimensional feature was established by plotting a scatter plot of two time-domain 
features. There are 28 possible two-dimensional features which can be applied to 
detect mangosteen condition. The author proposed two techniques for the feature 
selection. They are scatter plot and RES index. The final procedure is to detect 
good/defected fruits. We proposed to apply either scatter plot or NN method to 
determine the threshold value from 2-D features. 

A hundred mangosteens with different conditions, weights, sizes, 
pericarp thickness and color indexes were tested at vibration of 40 Hz. Three sample 
groups classified as Day# I, Day#2 and Day#3 groups were experimented with the test 
setup to investigate the vibration response. The VFSS responses were digitized and 
collected. Various techniques formed by combining frequency-domain and time­
domain features were proposed to three VFSS sample groups. The accuracy 
performance of each technique for each case was evaluated. The accuracy 
performances obtained from these techniques suggest on the feasibility of the 
propose:i techniques for detecting good/defected mangosteen (paper II). 
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Classification Detection Pre classification 

Day#1-Day#3 90. 36% 
Technique IVN 

78.31% VFSS data --+-;..;.:,..;~ 
(1 00 fruit samples) 

Using AR&f, 

Day#1-Day#3 
Technique 68.63% 

VIII/IX 

Figure 60 Summary of the accuracy performances 

Applying different combinations techniques, from the pre-classification 
to the dP-tection procedure, the accuracy performance results are summarized to three 
main categories as shown in Figure 60. The best accuracy performance obtained from 
the proposed methodolcgy in this Thesis is 90.36%. This is obtained when pre­
classifying the tested fruits into three subgroups, applying the resonance technique, 
and using scatter plot in both classification and detection procedures. The second best 
accuracy performance is 78.31%. It is obtained by applying AR and frequency 
resonance techniques for pre-classification combining with RES index and scatter plot 
during classification and detection processes. Finally, applying the RES and NN in the 
classification and detection processes, sampling VFSS data to three subgroups and 
employing the resonance technique, we achieve the accuracy performance for 68.63% 
only. 

From the proposed technique that provides the best accuracy 
performance, Table 42 compares the accuracy performances obtained from this work 
with other three works that were previously proposed. Our proposed technique and 
another two techniques(SG and Microwave) detect good and defected fruits with the 
same d~gree of accuracy. Considering the overall accuracy performances, our 
proposed technique outperforms other techniques. Comparing with microwave and 
NIR, our technique is more suitable to be applied in practice because it is based on a 
low-frequency electronic design, which is low cost. 

Table 42 Performances of the proposed and three previously proposed techniques. 

Technique 

Resonance( our technique) 
SG(Tanachai, 1996) 

Microwave(Tawatchai,2004) 
NIR(Sontisuk,2007) 

Good 
88.57 
88.00 
82.00 
98.00 

Performance (%) Overall 
Accuracy Defected Accuracy accuracy (%) 

88.57 91.67 91.67 90.36 
82.09 80.80 87.07 84.40 
77.36 76.00 80.85 79.00 
58.33 30.00 93.75 64.00 
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4.2 Future Works 

With a wide variety of mangosteens, several difficulties during the 
experiment appeared. The proposed technique needs to measure VFS~ at pericarp 
fruit. This requires a Strain gage sensor attached at pericarp of the test sample. The 
accuracy performances obtained by pre-classification the samples into three days 
provide the best results. Especially, the sample number of experimental day# 1 is high 
accuracy. It is found that some spots on fruit pericarp of a mangosteen can possibly 
distort the readout VFSS data, which in turn reduces accuracy performance. To obtain 
undistorted VFSS data, a suitable installing position of sensor should be investigated 
and a laser sensor may be applied. 

In the experiment, all mangosteens were collected from the 7 year old 
plants. The fruit pericarp from the plants from this age becomes harden and this can 
affect to the response of the VFSS. Therefore, more investigation should be performed 
with other plant ages. 

Finally, the new transfer function formulated with the ratio between the 
VFSS and the vibration signal of the plate. This may facilitate to classify mangosteens 
and detect the good and defect fruits. 
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In Thailand, mangosteens are the queen of fruits because of their flavors. Generally, the good quality of 
mangosteen, which are accepted by consumers a reconsidered from the appearance, color, size and no translucent 
or yellow gummy latex. So that the electronic, measurement solve this problem. The Vibration Fruit base on 
Strain gage Sensor (VFSS) is the nondestructive measurement for detect the translucent and yellow gummy latex 
in mangosteen; the most important step is method. In this research, we present a spectrum plot by I 00 samples, 
vibration is 25 Hz, 30 Hz, 35 Hz and 40 Hz. From the experimental results, mass is the best comparing with the 
other property. This measurement can detect the yellow gummy latex in mangosteen at 35Hz and 40Hz. 

Keywords : Vibration Fruit base on Strain gage Sensor (VFSS), feature extraction, yellow gummy latex 
and translucent. 

1. INTRODUCTION 

The mangosteen is the queen of fruit and one of the high economical fruits that 
Thailand is exported for several years. The most problem and quality of mangosteen are 
determining internal factors such as translucent fresh disorder and yellow gummy latex whish 
are also very important for consumer acceptance. There are many methods to determine their 
qualities non-destructive measurement. In quality determination of mangosteen, the 
physiological disorder of mangosteen using a destructive technique [11]. The effect of water 
to translucent flesh disorder using chemical technique [15],[16]. In non-destructive 
measurement of mangosteen in Thailand, A floating technique using differences in specific 
gravity is non-destructive detection of translucent fresh disorder in mangosteen [8]. Similarly, 
microwave technique used to classify the mangosteen with a translucent fresh disorder out 
from the good one finding of a threshold in term of magnitude of the reflect microwave signal 
through a mangosteen, the monopole probe is chosen [14]. Non-destructive 2D cross-sectional 
visualization of a mangosteen [12]. Near infrared spectroscopy used to accurate mangosteen 
[13]. A nondestructive hardness inspection of mangosteen using Near Infrared (NR) 
Transmittance (1]. X-ray and NMR used to nondestructive internal quality evaluation of 
durian and mangosteen fruits [ 17]. The resonance frequency used to measurement by 
knocking to detect translucent fresh disorder and yellow gummy latex [9]. 

From the physiological disorder of mangosteen are reliable with the water and hollow 
in the fruit are shown in Table 1. In recent year, the nondestructive vibration to determine the 
maturity levels of durian [5]. 

SX-YY-1 



(a) (b) 
Fig 1 (a) normal ofmangosteen (b) translucent fresh disorderofmangosteen 

Table 1: The different of property in mangosteen; 

No. Property Translucent Yellow Gummy latex Normal Reference 
I Opening of Cell solution Air Sriyon, 1986 
2 S.G. Higher than I Lower than 1 Vorapat, 1996 
3 Water Volume Higher than normal 1.21% V ora pat, 1996 
4 Air Volume Lower than normal 15 V ora pat, 1996 
5 Density Higher than normal 3 V orapat, 1996 

The acoustic measurement and a intrusive method for determining tissue firmness were 
compared to assess the textural properties of kiwifruit [6], Firmness measurement of 
muskmelons by acoustic impulse transmission [4]. The vibration element analysis to 
determine firmness evaluation of melon [7]. A Laser Doppler Vibrometer(LDV) technique 
was monitor ripening behavior temperature [ 11]. The acoustic impulses were detected 
internal hollow in watermelon [2]. The acoustic response evaluation of the storability of Piel 
de Sapo melons[3]. 

In this paper, we propose a nondestructive inspection of mangosteen by using 
technique detect the translucent fresh disorder and yellow gummy latex. 

2. MATERIALS AND METHODS 

2.1 System Architecture of VFSS Measurement 

The amplitude and frequency of vibration determine have many methods such as 
ultrasonic and accelerometer and Laser Doppler method can fix sensor with the fruit, there 
have response of vibration and accuracy. VFSS measurement has used in the vibration 
measurement of mango steen. 

The prototype system architecture for determination translucent fresh disorder and 
yellow gummy latex is shown in figure. The first, we put the mangosteen on the base of the 
prototype, base on vibration set (1) which can vibrate with frequency 0- 50 Hz. Second, the 
strain gauge sensor (2) is adjusted by fix on the mangosteen. After that signals from this one 
sent to amplifier (3) by instrument amplifier circuit (IC =INA 114 ) to AID converter (4). 
Respectively, we can observe these signal on computer (5) by labview programming and 
process them by mathlab programming for classification of translucent fresh disorder and 
yellow gummy latex of mangosteen 
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Figure 2. the system architecture for determination translucent 
and yellow gummy latex of mangos teen 

2.2 Signal of VFSS Measurement 

The resonance frequency in this case, the characteristic of mechanical vibration most 
parts of the energy radiated from the surface propagates as a transversal wave in the medium 
when the frequency of low frequency vibration is less than about 1 kHz [3], the velocity of 
transversal wave in medium related to characteristic of medium are given by 

(1) 

Where Vi is velocity of vibration. p is the density of the medium. rob is the angular 
frequency of vibration .and !li and j.t2 are the coefficients of shear elasticity and shear 
viscosity. Respectively. Velocity of vibration related to frequency and wave·propagation of 
vibration. So, property of shear elasticity can be found by velocity measurement of vibration 
and wave propagation at low frequency. In (1) if the shear elasticity is dominant compared 
with the shear viscosity so that j.t1, >>rob !l2 is satisfied. the velocity is written as 

(2) 

The signal of output vibration, when reference voltage of output vibration from the 
prototype for determine velocity of vibration which can be obtained from 

V.=~ 
' aT 

A= afl; 
F 

(3) 

(4) 

· where A is the voltage of output vibration. T is the time of output vibration. a is 
voltage of output vibration from the prototype. F is the resonance frequency vibration 
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The amplitude and frequency of vibration determining have many methods such as 
ultrasonic and accelerometer and Laser Doppler method can fix sensor on sample, there have 
response of vibration accuracy. In this paper, we used VFSS measurement has used in the 
vibration measuring of mangos teen. In this paper, we choose the frequency vibration between 
25 to 40 Hz and input signal is 2.5 Volt, for the mangosteen with difference texture property 
when transfer input signal. Output signal has difference amplitude and frequency has related 
to internal air cavity, weigh.t and diameter follow to texture property of mangosteen. In fig 
2(a) the good mangosteen have pattern signal difference with unusual mangosteen, translucent 
and yellow gummy latex. 

3 RESULT AND DISCUSSION 

From the experiment, In Fig 5 has shown the differential real time signal of texture 
property of mangosteen. We can observe that output signal in the differential on texture 
property of mangosteen have different pattern. The result, frequency at 25 Hz is the best 
VFSS compared with the other vibration as we can observe from Fig 6. That frequency 
obtains the amplitude spectrum as 2.5 volt, there is higher than secondary vibration about 
30 and 35Hz are the secondary frequency vibration. 
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Fig 5 the differential real time signal of texture property ofmangosteen 

(5a) time domain at 25Hz vibration base, (5b) time domain at 30Hz vibration base 
(5c) time domain at 35Hz vibration base, (5d) time domain at 40Hz vibration base 

A Fast Fourier Transform (FFT) converts the time signal into a frequency spectrum. 
For each mangosteen the frequency spectrum for 0 up to 500 Hz after the nondestructive 
measurement with the VFSS technique, translucent fresh order and yellow gummy latex of the 
mangos teen. The typical spectrums for texture property are represented in Fig 7 a, 7b, 7 c and 
7d respect. For the resonance frequency, there is usually a high peak, while the spectrum with 
good mangosteen shown usually one high peak at 26 Hz. From the result, weight and 
diameter have related with amplitude spectrum. Ratio of amplitude spectrum with weight at 
25 Hz of base vibration is the best compared with the other as we can observe from Fig 8, 
there are obtains the ratio as 0.00853 volt. There are higher than secondary base vibration 
about 0.00005 volt, frequency at 30 and 35 Hz base vibration are the secondary. The ratio is 
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greater than 0.0080 and 40 Hz is very poor. From table 2, Shown the data of amplitude and 
ratio of amplitude with the texture property, this measurement can be detect the yellow 
gummy latex in mangosteen at the 35 and 40Hz, the amplitude is lowest compared with the 
other frequency. 
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Fig 6 The typical spectrums for texture property 
(6a) frequency at 25Hz vibration base, (6b) frequency at 30Hz vibration base 
(6c) frequency at 35Hz vibration base, (6d) frequency at 40Hz vibration base 
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Table 2: Mean amplitude spectrum of the texture property in mangosteen; 

mean amplitude spectrum(Volt) 
F requency(Hz) good translucent translucent + yellow gummy latex yellow gummy latex 

Amplitude 

25 0.519877 0.50269462 0.5117037 0.4943593 
30 0.517261 0.496899 0.5196019 0.476186 
35 0.49152 0.48114015 0.4837583 0.3965903 
40 0.475493 0.46350169 0.4735709 0.3825875 

Amplitude/weight 
25 0.00853 0.007853 0.007761 0.007448 

30 0.008487 0.007762 0.007475 0.007563 

35 0.008065 0.007516 0.006226 0.007042 
40 0.007802 0.00724 0.006006 0.006893 

Amplitude/daimeter 
25 0.102097 0.097686 0.096933 0.097005 
30 0.101583 0.096557 0.09337 0.098503 
35 0.096528 0.093495 0.077763 0.091708 
40 0.09338 0.09 0.075017 0.089776 

4. CONCLUSION 

This paper presented non-destructive measure VFSS and determination of mangos teen 
at low frequency. The texture property can be classifier into 4 group (good, translucent fresh 
order, translucent combination with yellow gummy latex and yellow gummy latex) vibration 
base on 25 Hz, there is the best amplitude and ratio of amplitude with diameter. Frequency 
bare vibration at 35 and 40 Hz can be classify yellow gummy latex, the amplitude is lowest 
than other frequency base on vibration. 
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us.ing the VFSS Measurement 

Abstract 
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The vibration frequency base on strain gage sensor (VFSS) has proposed to predict an internal translucent 
and yellow gummy latex in mangosteen fruit, this measurement were used nondestructive method by 
vibrate on 25,30,35 and 40Hz. The VFSS were obtained an evaluation of feature extraction base on time 
and frequency domain, which can classify by two scatter plot. From the experimental results, the first day 
(dayl), WAMP and RMS is the best feature comparing with the other feature, there have percentage 
accuracy higher than the other day. From this result, this method can obtain the high classification accuracy. 

Keywords: Vibration Fruit base on Strain gage Sensor (VFSS), feature extraction, yellow gummy latex 
and translucent. 

1. Introduction 

The mangosteen is the queen of fruit and one of the high economical fruit. The problem and the quality to 
mangosteen is measured not only by external factors such as color, shape, size, skin blemishes, latex 
straining and insect damage, but also by internal factors such as translucent flesh and yellow gummy latex 
(Sontisuk, 2007). However, many methods used determine their qualities nondestructive measurement in 
the fruit. In recent year, the destructive technique use to study on translucent flesh of mangosteen. Sriyont 
(1986) study on Neua Geaw (thai for fles~ translucent) physiological disorder of mangosteen using a 
destructive technique. Voraphat (1996) studied the effect of water to translucent flesh disorder using 
chemical technique. Moreover, the non-destructive measurement of mangosteen has invented in Thailand, 
Pankasemsuk (1996) used to the floating technique by using differences in specific gravity is 
non-destructive detection of translucent fresh disorder in mangosteen. Furthermore, the microwave 
technique used to classify the mangosteen with a translucent fresh disorder out from the good one finding 
of a threshold in term of magnitude of the reflect microwave signal through a mangosteen; tlie monopole 
probe is chosen (Tawatchai, 2004). Somchai(l999) had proposed the non-destructive 2D cross-sectional 
visualization a mangosteen. In addition to, the near infrared spectroscopy can be accurate mangosteen 
(Sontisuk, 2007). The X-ray and NMR used to nondestructive internal quality evaluation of durian and 
mangosteen fruits (Yantarasri, 1996). The resonance frequency measurement used to detect translucent 
fresh disorder and yellow gummy latex (Rittisak, 2001). 

From the physiological disorder of mangosteen are reliable with the water and hollow in the fruit are shown 
in Table I. In recent year, the nondestructive vibration used to determine the maturity levels of durian 
(Kongrattanaprasert, 200 I), the acoustic measurement and a intrusive method for determining tissue 
firmness were compared to assess the textural properties of kiwifruit (Maramatsu, 1997), firmness 
measurement of muskmelons by acoustic impulse transmission (Junichi, 2005), the vibration element 
analysis to determine firmness evaluation of melon (Nourain, 2005). Moreover, the Laser Doppler 
Vibrometer (LDV) technique was monitor ripening behavior temperature (Shoji, 2006), the acoustic 
impulses were detected internal hollow in watermelon (B. Diezma, 2002), the acoustic response evaluation 
of the storability ofPiel de Sapo melons (L Lle6, 2005). In table I shown the physiological texture property 
ofmangosteen are reliable with water and hollow. Hence, many papers presents the nondestructive firmness 
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and differential texture property of fruit by using electrical measurement. In this paper, we propose a 
nondestructive technique by using VFSS measurement to detect flesh translucent and yellow gummy latex 
in mangosteen. 

2. Material and Methods 

2.1 Fruit sample and VFSS measurement 

The mangosteen are purchased from a local fruit auction in Nakomsri Tummarat province, Thailand. The 

sample were delivered to laboratory of electrical engineering and experiment to record of signal data on the 

following by VFSS instrument as shown in Fig I. About 100 sample Thai mangosteen were used to study 

the optimum condition of VFSS measurement and 26 intact mangosteen were used for evaluation the 

accuracy of translucent flesh disorder detection, 4 are translucent flesh disorder with yellow gummy latex 

and 20 are yellow gummy latex. The vibration signal were vibrated in medium sample at frequency was 25 

to 40 Hz, amplitude input is 2.5 volt. After, the experiment was complete, the peel of each sample was slit 

with knife are take a photograph by digital camera, the sample were cut to record the internal as shown in 

Fig 2(a), 2(b),2(c)and2(d) 

2.2 Instrument 

The amplitude and frequency of vibration determine have many methods such as ultrasonic and 

accelerometer and Laser Doppler method can fix sensor with the fruit, there have response of vibration and 

accuracy. VFSS measurement has used in the vibration measurement of mangosteen. 

The prototype system architecture for determination translucent fresh disorder and yellow gummy latex is 

shown in figure. The first, we put the mangosteen on the base of the prototype, base on vibration set, 

which can vibrate with frequency 0 - 50 Hz. The strain gauge sensor is adjusted by fix on the mangosteen. 

After that signals from this one sent to amplifier by instrument amplifier circuit (IC = INA Il4) to AID 

converter. Respectively, we can observe these signals on computer by Iabview programming and process 

them by matlab programming for classification of translucent fresh disorder and yellow gummy latex of 

mango steen. 

2.3. Data analysis 

Feature from time domain are used in evaluation Time domain features are measured as a function of time, 

Because of their implementation and computation simplicity, time domain are popular in fruit analysis. All 

features in time domain can be implemented in real time. Nine features based on time domain are described 

as follows. 

2.3.1 Mean Absolute Value (MAV): 

MAVis similar to VFSS signal that normally used as an onset index to detect the unusual signal activity. 

MAVis the average of the absolute value ofVFSS signal amplitude. It is defined as 

(1) 



Journal of Biology, Agriculture and Healthcare 
ISSN 2224-3208 (Paper) ISSN 2225-093X (Online) 
Vol2, No.I, 2012 

2.3.2 Root Mean Square (RMS): 

www.iiste.org , ... 
llsTE 

RMS is related to constant force and non-fatiguing contraction. Generally, it similar to SD, which can be 

expressed as 

RMS= !_fx: 
N i=I 

(2) 

2.3.3 Waveform length (WL): 

WL is the cumulative length of waveform over time segment. WL is similar to waveform amplitude, 

frequency and time. The WL can be formulated as 

N-1 

WL = _Ljxn+l -xnl (3) 
n=l 

2.3.4 Zero crossing (ZC): 

ZC is the number of times that the amplitude values ofVFSS signal crosses zero in x-axis. In VFSS feature, 

threshold condition is used to avoid from background noise. ZC provides an approximate estimation of 

frequency domain properties. The calculation is defined as 

N-1 

zc = _L[sgn(xn xxn+l)nlxn -xn+/1 ~threshold l 
n=l 

sgn(x)= 

2.3.5 Slope Sign Change (SSC): 

{
1, 

0, 

if x ~ threshold 

otherwise. (4) 

SSC is related to ZC. It is another method to represent the frequency domain properties of VFSS signal 

calculated in time domain. The number of changes between positive and negative slope among three 

sequential segments are performed with threshold function for avoiding background noise in VFSS signal. 

It is given by 

N-1 

sse = .L [J[(xn - xn-1 )x (xn - xn+l )Jl 
n=l 

{
1, 

f(x) = O, 

2.3.6 Willison amplitude (WAMP): 

if x ~ threshold 

otherwise. 

(5) 

WAMP is the number of time resulting from the difference between VFSS signal amplitude of two 

adjoining segments that exceeds a predefined threshold, which is used to reduce background noises like in 

the calculation of zc and sse. It is given by 

N-1 

WAMP = Lf~xn -xn-11): 
n=l 

(6) 
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WAMP is related to the firing of motor unit action potentials and muscle contraction level. The suitable 

value of threshold parameter of features in ze, SSe, and WAMP is normally chosen between 10 and 100 

m V that is dependent on the setting of gain value of instrument. However, the optimal threshold suitable for 
VFSS analysis is discussed later. 

2.3. 7 Auto-regressive (AR) coefficients: 

AR model described each sample of VFSS signals as a linear combination of previous VFSS samples (xn.i) 

plus a white noise error term (w0 ). In addition, pis the order of AR model. AR coefficients (ai) are used as 
features in VFSS. The definition of AR model is given by 

p 

xn =-L:aixn-i + wn 
i=l 

2.3.8 Mean Absolute Value Slope (MA VSLP): 

MA VSLP is a modified version ofMAV. The differences between the MAY of adjacent segments are 
determined. It can be defined as 

i = 1, ... ,1 -1. 

(7) 

(8) 

where I is the number of segments covering VFSS signal. When the number of segments increases, it may 

improve the representation of the original signal over the traditional MAY. 

2.3.9 Histogram (HIST): 

illST is an estimate of the probability distribution of the VFSS signal. It is given by 

j 

HIST= Lm; 
i=l 

Where m; is the counts the number and j be the total number 

3. Results 

(9) 

To demonstrate the performance of classification, In this paper, the scatter plot can be separate the property 
of mangosteen. From the experimental results, in the first day, the RMS and WAMP are the best feature 
compared to the other VFSS features as we can observe from Fig4 {a). WAMP are less than 900, the RMS 
are less than 0.5. However, there are some translucent and yellow gummy latex of mangosteen in their 
group. But also, It's some good sample are concluded in the group unusual fruit sample. In addition to, the 
second day (day2), the MAVSLP and SSC are the best feature compared to the other VFSS features as we 
can observe from Fig4 (b). MAVSLP is less than 4, the sse are less than 240. However, it's have some 
translucent and yellow gummy latex of mangosteen in their group. Not only, It's some good sample are 
concluded in the group unusual fruit sample. The lastly, in the third day {day3) the illST and MAVSLP are 
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the best feature compared to the other VFSS features as we can observe from Fig4 (c). WAMP are higher 
than 0.008. In contrast, it's have some translucent and yellow gummy latex of mangosteen in their group. 
But also, some normal fruit are concluded in the group unusual fruit sample. 

From the experiment results, the'mangosteen from VFSS measurement on day I of experimental is the best 
percentage classification is about 88.89 percentage classifier, on second day; (day 2), there is the percent in 
separating mangosteen well in order later and in the third day (day3), there give the percentage 
classification is the poor. However, in the first day and second day can be classify the translucent and yell 
gummy latex in the mangosteen are respectively similar with 66.67 and 69.23 percentage correct. Moreover, 
percentage classifier of mangosteen, we find on second day is the best is 8 I .82 percentage correct. But, 
there are not different with on dayl and day3. From the experiment, we need day! is the best on 
classification, day2 is secondary and day3 is the poor. In overall analysis image, this measurement by 
classifier the sample on date of experiment can detect the unusual of mangosteen is correct 78.57 
percentage accuracy shown in table2. 

4. Conclusion 

The VFSS of mangosteen fruit was sufficient to use for flesh translucent and yellow gummy latex detection 
in mangosteen The results of the propose methods that the percentage classify good sample and percentage 
correct the good sample on the first day has the highest, the second day are the secondary, and the third day 
is the poor. But, the first day has percentage classify unusual sample and percentage correct unusual sample 
is poor. Hence, the first day is the best because there is sum correct has the highest. However, the accuracy 
can be increase by rejection of other effects such as hardening pericap, fruit size and skin color before 
evaluation. 
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(a) (b) 

Fig 1 (a) normal ofmangosteen, (b) translucent fresh disorder ofmangosteen 

Fig 2 (a) good sample (b) translucent sample 

(c) translucent fruit and yellow gummy latex (d) yellow gummy latex 
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(a) The first day of experiment, (b) the second day of experiment. and (c) the third day of experiment. 

Fig 4 the scatter plots ofthree texture property of mangosteen 
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No. Property Translucent Yellow Gummy latex Normal 
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Reference 

Opening of Cell 

S.G. 

Solution Air (Sri yon, I986) 

2 

3 

4 

5 

Water Volume 

Air Volume 

Density 

Higher than I Lower than I (Vorapat, I996) 

Higher than normal I.2I% (Vorapat, I996) 

Lower than normal 15 

Higher than normal 3 

(Vorapat, I996) 

(Vorapat, 1996) 

Table 2. The percentage correct ofVFSS measurement 

Percentage correct 

Method ClassifY good Correct good ClassifY Correct Sum 

sample sample unusual sample unusual correct 

sample 

Groupi;[Dayi] 88.89 84.21 66.67 75 81.48 

Group2;[Day2] 88.24 78.95 69.23 8I.82 80 

Group3;[Day3] 60 69.23 84.62 78.57 75.6I 

Total[Day 1 +Day2+Day3] 78.57 
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The translucent and yellow gummy latex of mangos teen by using 
autoregressive coefficient method 

Abstract 

Rittisak Jaritngam*, Chusak Limsakul and Booncharem Wongkittiserksa 

Department of Electrical Engineering, Prince ofSongkla University, Songkhla, Thailand 

110/5, Kanchanavanid Road, Hat Yai, Songkhla 90112 Thailand 

*E-mail of the corresponding author: rittisak.ja@chaiyo.com 

A nondestructive measurement to predict an internal translucent disorder and yellow gummy latex in mangosteen 

fruit has proposed by using Vibration Frequency base on Strain gage Sensor (VFSS). This measurement were used 

vibrate with frequency 0- 50 Hz The VFSS of 100 mangosteen samples were obtained an evaluation of various 

existed VFSS signal features base on time and frequency domains. From the experimental results, Auto-regressive 

(AR) coefficient was suggested to use as a feature for the VFSS measurement. We will be obtained the classification 

accuracy on good sample and device the sample into two groups. 

Keywords: Vibration Fruit base on Strain gage Sensor (VFSS), Auto-regressive (AR) coefficient, feature extraction, 

yellow gummy latex and translucent. 

1. Introduction 

The mangosteen is the queen oftiuit and one of the high economical fmit in Thailand. However, the problem and the 

quality of mangosteen is measured not only by external factors such as color, shape, size, skin blemishes, latex 

straining and insect damage; but also by internal factors such as translucent flesh disorder and yellow gummy latex 

which are also very importance for consumer acceptance Sontisuk (2007). Moreover, the high accuracy in section for 

a translucent fresh disorder is by opening the flesh up. Obviously, a nondestructive inspection is needed 

In quality determination of mangosteen, Neua Gaew (the Thai for flesh translucent) Physiological disorder of 

mangosteen using a destructive technique. Voraphat (1996) studied the effect of water to flesh translucent disorder 

using a chemical technique. 

From the literatures, there are many excited the non-destructive measurement of mangosteen in Thailand such as a 

floating technique (Pankasemsuk,1996), microwave technique Tongleam (2004), non-destructive 2D cross-sectional 

visualization (Arunrungrusmi,1999), near infrared spectroscopy (Sontisuk,2007), X-ray and NMR (Yantarasri et 

al,l996) and resonance frequency (Rittisak,200l). However, translucent fresh disorder and yellow gummy latex are 

relation with the different of hollow and water volume in mangosteen. So, the resonance frequency measurement was 

applied to detect the translucent fresh disorder and yellow gummy latex must be relation with the resonance 

frequency measurement to detect the different of hollow and water volume in mangosteen. In recent year, 

Kongrattanaprasert (2001) using to vibration in durian, acoustic measurement and a intrusive method in kiwifruit 

(Muramatsu, 1997), acoustic impulse transmission in muskmelons (Sugiyama,2005), vibration in melon 

(Nourain,2005), Laser Doppler Vibrometer(LDV) in pear (Terasaki,2006), acoustic impulses in watermelon (B. 

Diezma Iglesias,2002), acoustic response in melons (L. Lleo,2005). 
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In this paper, we propose a nondestructive technique by using VFSS measurement combine with the AR coefficient 

to detect flesh translucent and yellow gummy latex in mangosteen. 

2. Material and Methods 

2.1 Fruit sample and VFSS Instrument 

Mangosteens were purchased from a local fruit auction in Nakornsritummarat, Thailand. the samples were delivered 

to the laboratory of Electrical Engineering Laboratory, Prince of Songkla university and kept in a room, about 100 

Thai mangosteens were used to study by VFSS measurement and 26 intact mangosteens were used for evaluating the 

accuracy of translucent t1esh disorder detection, 20 intact mangosteen of translucent flesh disorder combine with 

gambol and 4 intact mangosteens of only yellow gummy latex to the recording of VFSS by a instrument. The 

vibration signal were vibrated in medium sample at frequency was 25 to 40 Hz, amplitude input is 2.5 volt. After, the 

experiment was complete, the peel of each sample was slit with knife are take a photograph by digital camera, the 

sample were cut to record the intemal. After the VFSS measurement was complete, the peel of each sample was 

opened to investigate internal defects and were taken with a digital camera (Fujifilm, FinePix F700, Japan), then the 

samples were cut through and the fruit was record the internal features of measurement as shown in Fig. 1(a-d). The 

response of fruit to vibrations depends on their modulus of elasticity, their mass and their shape. Different types of 

vibrations can be used the most common being acoustic and mechanical. Using a microphone or a piezoelectric 

sensor, acoustic methods measure the signal have audible range: about 0-20,000 Hz (Peleg,l993). The acoustic signal 

captured is Fourier transformed and the main frequencies calculate. This paper, varieties of VFSS at 25, 30, 35 and 

40 Hz are used as representative data in this study. Differential amplifiers were set gain are 500 time and sampling 

frequency was set at 1000 Hz using a 16 bit analog-to-digital converter board (NI, DAQCard-6024E). In the 

analysis, the window length ofVFSS samples was set for 256 ms with the objective of real-time signal processing. In 

other words, the maximum permissible delay for VFSS sample should be 10 ms. Finally, we can observe these signal 

on computer by labview programming and process them by mathlab programming for classification of translucent 

fresh disorder and yellow gummy latex ofmangosteen (Rittisak, 2012) 

2. 2 Data analysis 

2.2.1 The resonance frequency 

In this case, the characteristic of mechanical vibration most parts of the energy radiated from the surface propagates 

as a transversal wave in the medium when the frequency of low frequency vibration is less than about 1 kHz, the 

velocity of transversal wave can be expressed as equation (1-4) in medium related to characteristic of medium are 

given by 

(l) 

Where Iii is velocity of vibration. p is the density of the medium. COt, is the angular frequency of vibration. Jlt and J.L2 

are the coefficients of shear elasticity and shear viscosity. Respectively, Velocity of vibration related to frequency and 
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wave propagation of vibration. So, property of shear elasticity can be found by velocity measurement of vibration 

and wave propagation at low frequency. In equation (1), if the shear elasticity is dominant compared with the shear 

viscosity so that f..lt >> Wt, then f..l2 is satisfied. The velocity is written as 

(2) 

The signal of output vibration fruits, when reference voltage output vibration fruits from the prototype for determine 

velocity of vibration which can be obtained from 

v =~ (3) 
' aT 

A= a~ (4) 
F 

Where A is the voltage of the output vibration, T is the time of output vibration. a is voltage of output vibration 

from the prototype. F is the resonance frequency vibration. 

The amplitude and frequency of vibration determining have many methods such as ultrasonic and accelerometer and 

LDV methods which can fix sensor on sample; there have response of vibration accuracy. In this paper, we used 

VFSS measurement that has been used in the vibration measuring of mangosteen. We choose the frequency vibration 

between 25 to 40 Hz and input signal is 2.5 Volt, for the mangosteen with different texture property when transfer 

input signal. Output signal has different amplitudes and frequency has related to internal air cavity, weight and 

diameter follow to texture property of mangosteen. In Fig 2(a-d), the good mangosteens have patterned 

signal difference with abnormal mangosteen, translucent flesh order and yellow gummy latex. 

2.2.2 Auto-regressive (AR) coefficients 

AR model described each sample of VFSS signals as a linear combination of previous VFSS samples (X..-i) plus a 

white noise enor term (w0 ). In addition, pis the order ofAR model. AR coefficients (ai) are used as features in VFSS. 

The definition ofAR model is given by 

3. Results 

p 

xn =-Iaixn-i + wn 
i=l (5) 

From experiment result, the signal from time a'<is at 25,30,35,40 Hz on the vibration characteristics of the fruits is 

different when analyzed by AR coefficient. We found the vibration frequency at 25 Hz, coefficient order four was the 

most interesting that the fruit is divided into three groups. The first group has a coefficient less than -1, the secondary 

group has a coefficient more than 1, the last group has a coefficient between -1 to 1, respectively, some normal 

mangosteen have a coefficient between 1 and 1. In addition, the mangosteen in group2 has a coefficient between 

-0.05 to -0.1. As well as, the mangosteen in group3 have a coefficient between -0.05 to -0.1 the some normal 

mangosteen has the same range. In the other hand, in the coefficient order 5 to 10 was the cluster which was difficult 
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The vibration frequency in 30 Hz, coefficient order 4 was the most interest because the normal mangosteen has 

ranged between 0 to -0.2. However, some abnormal mangosteen has the same range. Moreover, some normal 

mangosteen in the coefficient order! has a coefficient less than -0.6. The coefficient of translucent fresh disorder was 

separate from the most group. In the other hand, in the coefficient order 5 to 10 was the cluster which was difficult to 

separate. 

The vibration frequency in 35 Hz, coefficient order 2 was the most interest the normal mangosteen has ranged 

between 0 to -0.1. Moreover, the coefficient order 4, the normal mangosteen has coefficient between -0.1 to -0.2. 

However, in the coefficient order 1,3,5,6, 7,8,9 and 10 to 10 was the cluster which was ditllcult to separate. 

The vibration frequency in 40 Hz, coefficient order 4 was the most interest the normal mangosteen has ranged 

between -0.1 to -0.2. Moreover, the coefficient order 5, the normal mangosteen has coefficient less than -0.1. In 

addition, the coefficient order 2, the normal mangosteen has coefticient between 0 to -0.1. As well as, the coefficient 

order I 0, the nmmal mangosteen has coefficient less than 0. However, the coefficient of other mangosteen was the 

cluster which was difficult to separate. 

4. Conclusion 

From the experiment result, the vibration frequency in 25 Hz, coefficient order 4 was the most interest. Moreover, 

the vibration frequency in 30Hz, the vibration frequency in 35 Hz, coefficient order 2,4,6 and 9 and the vibration 

frequency in 40 Hz, coefficient order 2,4,5 and 10 were the most interest the normal mangosteen were the most 

interest the normal mangosteen which can separate the good sample from the other sample. However, the coefficient 

of other mangosteen was the cluster which was difficult to separate. 
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NUTRITION AND FOOD SCIENCE 

The relation between the texture properties of mangosteen ( Garcinia 
mangostana Linn.) and the resonance frequency in detection of the 
translucent and yellow gummy latex 

Rittisak Jaritngam*, C. Limsakul and B. Wongkittiserksa 

Department of Electrical Engineering, Faculty of Engineering, Prince ofSongkla University, Thailand 

Abstract 

A nondestructive measurement to predict an internal translucent disorder and yellow gummy latex in 
mangosteen fruit has proposed by using Vibration Frequency based on Strain gage Sensor (VFSS). This 
measurement was used vibration with frequency 0 - 50 Hz. The VFSS of 100 mangosteen samples were 
obtained an evaluation of various existed VFSS signal features based on time and frequency domains. From the 
experimental results, mass is the best comparing with the other property. This measurement can detect the 
yellow gummy latex in mangosteen at 35 Hz and 40 Hz. 

Key words: Vibration fruit based on Strain gage Sensor (VFSS), Feature extraction, Yellow gummy latex 

Introduction 
The mangosteen is the queen of fruit and one 

of the high economical fruit in Thailand. Moreover, 
it is also useful about an antioxidant for health 
(Migdalia et al., 2011). However, the problem and 
quality of mangosteen is measured not only by 
external factors such as color, shape, size, skin 
blemishes, latex training and insect damage and 
must not include the translucent and yellow 
gummy latex. Currently, by opening the flesh up 
was the high accuracy for .checking the 
mangosteen. So, the non-destructive inspection is 
needed. In recent years, the quality determination 
of mangosteen, Voraphat (1996) studied the effect 
of water to translucent flesh disorder using a 
chemical technique. The non-destructive methods 
of mangosteen in Thailand, a floating technique 
using differences in specific gravity is currently 
undertaken for non-destructive detection of 
translucent flesh disorder in mangosteen. Similarly, 
Tawatchai et al. (2004) had been proposed the 
microwave technique to classify the translucent 
flesh disorder in term of magnitude of the 
reflection microwave signal. 

However, it has been shown that the dielectric 
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of material changes accordingly to its moisture. By 
the time, the short wavelength infrared 
spectroscopy used to predict the translucent flesh 
disorder in intact mangosteen (Sontisuk, 2007). 
Somchai et al. ( 1999) had proposed the non­
destructive 2D cross-sectional visualization of 
mangosteen. The X -ray and NMR techniques have 
been found as new potential tools for non­
destructive internal quality evaluation of durian and 
mangosteen fruits (Yantarasri et al., 1996). The 
resonance frequency used to detect translucent flesh 
disorder and yellow gummy latex (Rittisak et al., 
2001). 

The Physiological disorder for mangosteen is 
reliable with the water and hollow in the fruit as 
shown in table 1. In resonance frequency to 
vibration measurement, Garcit'l-Romus et al. (2005) 
had proposed the response of fruit to vibration 
depends on their mass and shape. Moreover, De 
Belie et al. (2000) used this methodology to 
measure pear firmness while the fruits were still on 
the tree. These authors impacted each fruit near the 
stem and read the frequency at the opposite side 
using an accelerometer. Moreover, the non-

. destructive vibration used to determine the maturity 
levels of durian (Kongrattanaprasert et al., 200 1 ), 
the acoustic measurement and an intrusive method 
for determining tissue firmness were compared to 
assess the textural properties of kiwifruit 
(Muramatsu et al., 1997), firmness measurement of 
muskmelons by acoustic impulse transmission 
(Junichi et al., 2005), the vibration element analysis 
to determine firmness evaluation of melon (Nourain 
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et al., 2005). In addition, the Laser Doppler 
Vibrometer (LDV) technique was monitor ripening 
behavior temperature (Shoji et al., 2006), the 
acoustic impulses were detected internal hollow in 
watermelon (Diezma et al., 2002), the acoustic 
response evaluation of the storability of Piel de 
Sapo melons (Lle6 et al., 2005). 

In this paper, we propose a non-destructive 
technique by using VFSS measurement and 
analysis data by Fast Fourier Transform method 
(FFT) on frequency domain to detect translucent 
flesh disorder and yellow gummy latex in 
mango steen. 

Materials and Methods 
Fruit sample and VFSS measurement 

Mangosteens were purchased from a local fruit 
auction in Nakornsri Tummarat, Thailand. The 
sample was delivered to laboratory to record of 
signal data on the following by VFSS instrument. 
About 100 Thai mangos teens were used to study 
the optimum condition of VFSS measurement and 
26 intact mangosteens were used for evaluation the 
accuracy of translucent flesh disorder detection. 
Four samples were appeared as translucent flesh 
disorder with yellow gummy latex while 20 
samples were yellow gummy latex. The vibration 

signal was vibrated in medium sample at frequency 
of 25 to 40 Hz while amplitude input was 2.5 volt. 
After, the experiment was completed; the peel of 
each sample was slit with knife and takes a 
photograph by digital camera. The samples were 
cut to record the internal morphology as shown in 
Figure l(a), l(b), l(c) and l(d). 

Instruments 
The amplitude and frequency of vibration 

determine have many methods such. as ultrasonic 
and accelerometer and Laser Doppler method can 
fix sensor with the fruit, there have response of 
vibration and accuracy. VFSS measurement has 
used in the vibration measurement of mangosteen. 

The experimental device consists of the 
following steps. The first, we put the mangosteen 
on the base of the prototype, based on vibration set 
which can vibrate with frequency 0 - 50 Hz. 
Second, the strain gauge sensor is adjusted by fix 
on the mangosteen. After that signals from this one 
sent to amplifier by instrument amplifier circuit (IC 
=INA 114) to AJD converter. Respectively, we can 
observe these signals on computer by labview 
programming and process them by matlab 
programming for classification of translucent flesh 
disorder and yellow gummy latex of mangosteen. 

Table 1. The different properties of mangos teen (Voraphat, 1996). 

No. 
1 
2 
3 
4 

Property 
Specific Gravity 
Water Volume 
Air Volume 
Density 

Translucent Yell ow Gummy latex 
Higher than 1 
Higher than normal 1.21% 
Lower than normal 15 time 
Higher than normal 3 "time 

(a) good sample (b) translucent sample 
(c) Translucent and yellow gummy latex (d) yellow gummy latex 

Figure. 1 The texture property of mangosteen photograph by digital camera. 
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Normal 
Lower than 1 
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Figure. 2 The differential real time signal of texture property ofmangosteen. 

Results and Discussion 
Data analysis 

The resonance frequency in this case, the 
characteristic of mechanical vibration most parts of 
the energy radiated from the surface propagates as a 
transversal wave in the medium when the frequency 
of low frequency vibration is less than about 1 kHz, 
the velocity of transversal wave can be expressed as 
equation (1-4) in medium related to characteristic 
of medium are given by 

(1) 

Where vi is velocity of vibration. p is the 
density of the medium. <J} is the angular frequency 
of vibration. !lt and 112 are the coefficients of shear 
elasticity and shear viscosity. Respectively, 
Velocity of vibration related to frequency and wave 
propagation of vibration. So, property of shear 
elasticity can be found by velocity measurement of 
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vibration and wave propagation at low frequency. 
In equation( 1 ), if the shear elasticity is dominant 
compared with the shear viscosity so that !lt >> rob 
then 112 is satisfied. The velocity is written as 

(2) 

The signal of output vibration fruits, when 
reference voltage output vibration fruits from the 
prototype for determine velocity of vibration which 
can be obtained from 

V=~ 
' aT 

A= av; 
F 

(3) 

(4) 

Where A is the voltage of output vibration. T is 
the time of output vibration. a. is voltage of output 
vibration from the prototype. F is the resonance 
frequency vibration 
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The amplitude and frequency of vibration 
determining have many methods such as ultrasonic 
and accelerometer and LDV methods which can fix 
sensor on sample; there have response of vibration 
accuracy. In this paper, we used VFSS 
measurement that has been usep in the vibration 
measuring of mangosteen. We choose the 
frequency vibration between 25 to 40 Hz and input 
signal is 2.5 Volt, for the mangosteen with different 
texture property when transfer input signal. Output 
signal has different amplitudes and frequency has 
related to internal air cavity, weight and diameter 
follow to texture property of mangosteen. In Figure 
2( a-d), the good mangos teen has patterned signal 
difference with unusual mangosteen, translucent 
flesh order and yellow gummy latex. 

A Fast Fourier Transform (FFT) is converted 
from the time signal into a frequency spectrum with 
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peak at 26Hz as we can observe from Figure 3(a­
d). From the experiment result, weight and diameter 
have related with amplitude spectrum. Ratio of 
amplitude spectrum per weight in every frequency 
base is the best compared with the other as we can 
observe from Figure 4(a), there are obtains the ratio 
is higher than 0.008530 volt/g. There are higher 
than secondary base vibration about 0.000050 
volt/g, the ratio of amplitude spectrum with 
diameter are the secondary. The lastly, amplitude 
spectrum per thickness peel are the poor shown in 
the Figures 4(b) and 4(c). However, this 
measurement can detect the yellow gummy latex in 
mangosteen at the 35 and 40 Hz, the amplitude is 
lowest compared with the other frequency. 
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Figure. 3 The typical spectrums for texture property. 
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Figure. 4 The frequency are the best by VFSS measurement comparison 
with the other vibration. 

Table 2. Mean amplitude spectrum of the texture property in mangosteen. 

Mean amplitude spectrum(Volt) 

Good Translucent 

0.519877 
0.517261 
0.491520 
0.475493 

0.502694 
0.496899 
0.481140 
0.463501 

Translucent+ Yellow gummy latex 

0.511703 
0.519601 
0.483758 
0.473570 
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Yellow gummy latex 

0.494359 
0.476186 
0.396590 
0.382587 
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Table 3. Mean amplitude spectrum/weight of the texture property in mangosteen. 

Mean amplitude spectrum/weight (Volt/g) 
Frequency(Hz) Good Translucent Translucent+ Yellow gummy latex Yell ow gummy latex 
Amplitude/weight 
25 
30 
35 
40 

0.008530 
0.008487 
0.008065 
0.007802 

0.007853 
0.007762 
0.007516 
0.007240 

0.007448 
0.007563 
0.007042 
0.006893 

0.007761 
0.007475 
0.006226 
0.006006 

Table 4. Mean amplitude spectrum/diameter of the texture property in mangosteen. 

Mean amplitude spectrum/diameter (Volt/em) 
Frequency(Hz) Good Translucent Translucent+ Yell ow gummy latex Yell ow gummy latex 
Amplitude/diameter 
25 0.102097 
30 0.101583 
35 0.096528 
40 0.093380 

0.097686 
0.096557 
0.093495 
0.090000 

0.097005 
0.098503 
0.091708 
0.089776 

0.096933 
0.093370 
0.077763 
0.075017 

Table 5. Mean amplitude spectrum/thickness of the texture property in mangosteen. 

Mean amplitude spectrum/thickness (Volt/em) 
Frequency(Hz) Good Translucent Translucent+ Yellow gummy latex Yellow gummy latex 
Amplitude/thickness 
25 
30 
35 
40 

0.705875 
0.702323 
0.667372 
0.645612 

0.775671 
0.766728 
0.742412 
0.715195 

0.769479 
0.781356 
0.727456 
0.712137 

0.725665 
0.698989 
0.582151 
0.561596 

From the experiment, the Table 2 presents the 
frequency based vibration within 25 and 30 Hz 
comparison with the amplitude spectrum. There are 
the best values about 0.476186- 0.519877 volt and 
are higher than the frequency vibration based at 35 
and 40 Hz which are valuable about 0.382587 -
0.491520 volt. Moreover, the amplitude spectrums 
of the good sample are higher than the other sample 
fruits. Hence, the yellow gummy latex sample can 
be detected at the frequency based vibration which 
has the value lowest than the other sample. 

In Table 3, it is the value of amplitude spectrum 
per weight. From the experimental results, there are 
the same trend with the experiment from Table 2, 
the ratio of amplitude spectrum per weight in 
normal sample are higher than the other fmits are 
about 0.007802 - 0.00853 volt/g on the frequency 
based vibration. In addition, the frequency based 
vibration at the 25 Hz has the highest ratio in the 40 
Hz frequency based vibration, the ratio has the 
poor. Moreover, the translucent flesh disorder and 
translucent flesh disorder combine with the yellow 
gummy latex are similar to 0.007240 - 0.007853 
volt/g and 0.006893 - 0.007448 volt/g. In the part, 
the mangosteen has yellow gummy latex symptoms 
only will be the ratio valuable was poor in the same 
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vibration. From the experiment result, the trend of 
mangosteen can detect in the all frequency based 
vibration and sorts out mangosteen have yellow 
gummy latex in 35 and 40 Hz frequency based 
vibration. · 

Table 4, represents the value of amplitude 
spectrum per diameter. From the experimental 
results, there are the same trend with the 
experiment from Table 2 and 3, the ratio of 
amplitude spectrum per diameter in normal sample 
are higher than the other "(about 0.093380 -
0.102097 volt/em) on the frequency based 
vibration. In addition, the frequency based vibration 
at the 25 Hz has the highest and in the 40 Hz 
frequency based vibration, the ratio has the poor. 
Moreover, in the value of mangosteen are the 
translucent flesh disorder and translucent flesh 
disorder combine with yellow gummy latex are 
similar to 0.090000 - 0.097686 volt/em and 
0.089776 - 0.097005 volt/em. Respectively, in the 
part, the ratio valuable of mangosteen having 
yellow gummy latex symptoms only was poor in 
the same vibration. From the experimental results, 
the trend of mangosteen can detect in the all 
frequency based vibration and sorts out mangosteen 
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group have yellow gummy latex in 35 and 40 Hz 
frequency based vibration. 

Table 5 shows the value of amplitude spectrum 
per thickness peel. From the experiment result, the 
good mangosteen has mtio value of tmnslucent 
flesh disorder and translucent flesh disorder 
combination with the yellow gummy latex between 
0.645612 - 0.705875 volt/em at the frequency 
based on 25, 30, 35 and 40 Hz. Moreover, the 
frequency based vibration is 25Hz has highest and 
has lowest at the frequency base vibration about 40 
Hz. However, the translucent flesh disorder and 
translucent flesh disorder combination with the 
yellow gummy will be the ratio valuable lowest 
which about 0.561596 - 0.725665 volt/em in the 
same frequency based vibration. 

Conclusion 
The VFSS of mangosteen fruit was sufficient 

to use for translucent flesh disorder and yellow 
gummy latex detection in mangosteen. The texture 
property can be classified into 4 groups (good, 
translucent flesh disorder, translucent flesh disorder 
combination with yellow gummy latex and yellow 
gummy latex) vibration based on 25 Hz, where the 
best amplitude and ratio of amplitude with diameter 
are the same. Frequency based vibration at 35 and 
40 Hz can be classify as yellow gummy latex, the 
amplitude is lowest than the other frequency based 
on vibmtion. However, the accuracy can be 
increased by rejection of other effects such as 
hardening pericap, fruit size and skin color before 
evaluation. 
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