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Abstract: The use of robotic systems has now become almost necessary in various fields. Of which, the realization of any hard
or dangerous place requiring an implication of manipulation and locomotion, is necessarily entrusted to a mobile manipulator.
In this work, we present a control approach that ensures the stability of the system, based on feedback linearisation. The mobile
platform is controlled in such a way that it always brings the manipulator's terminal organ to the desired position. The control
of the platform depends on the information of the measured joint positions of the manipulator to ensure the planning of its own
movement. It is shown that the considered strategy solves the problem ensuring the closed-loop stability of the system, thus
allowing the convergence of the tracking errors. The performance of the approach is validated by simulation tests, showing an
acceptable performance.

Key words: Mobile manipulator, Control stability, Great Precision, feedback linearization control.

Yoriinge Takibi icin bir Mobil Manipiilator Robotunun Geri Besleme Dogrusallastirmasina Dayal
Kontrol

Oz: Robotik sistemlerin kullammm artik ¢esitli alanlarda neredeyse gerekli hale gelmistir. Bunlardan, manipiilasyon ve
hareketin bir imasin1 gerektiren herhangi bir sert veya tehlikeli yerin gergeklestirilmesi, zorunlu olarak bir mobil manipiilatore
emanet edilmistir. Bu ¢alismada, geri beslemeli dogrusallastirmaya dayali olarak sistemin kararliligini saglayan bir kontrol
yaklagimi sunuyoruz. Mobil platform, manipiilatoriin terminal organini her zaman istenen konuma getirecek sekilde kontrol
edilir. Platformun kontrolii, kendi hareketinin planlanmasint saglamak i¢in manipiilatdriin dlgiilen eklem pozisyonlarmimn
bilgisine bagldir. Ele alinan stratejinin sistemin kapalt dongili kararliligin1 saglayarak sorunu ¢6zdiigii ve boylece izleme
hatalarinin yakinsamasina izin verdigi gosterilmistir. Yaklasimin performansi, kabul edilebilir bir performans gosteren
simiilasyon testleri ile dogrulanir.

Anahtar kelimeler: Mobil manipiilator, Kontrol kararliligi, Biiyiik Hassasiyet, geri besleme dogrusallastirma kontrolii.

1. Introduction

Advances in technology have shaped modern robotics to the design of more complex system for handling
tasks can be extremely complicated. This complication that can manifest itself to a single robotic system that will
be composed of many basic systems, such as it can manifest itself by a robotic system trained to perform tasks
primarily related to handling [1, 2]. Nowadays the most common term is the mobile manipulator, which refers to
robot systems formed from a robotic arm mounted on a mobile platform. These systems combine on the one hand
the advantages of mobile platforms and robotic arms, and on the other hand ensure the reduction of their
disadvantages. For example, the mobile platform offers the manipulator unlimited working space. The additional
degrees of freedom of the mobile platform also provide the user with more choices, whereas an arm offers several
operational features. Although it appeared very early in the history of robotics [3], this concept has been mainly
studied for less than ten years [4]. Most of the publications inherit the problems related to robotic weapons and
deal with the state of the art, such as control [4-6], trajectory optimization or operational trajectory tracking [7, 8].
Despite the wide variety of problems to be solved and the corresponding publications [9], very little effort has
been made on modeling. When the mobile manipulator has a holonomic platform, the arm modeling can be directly
applied [9, 10]. In the case of a wheeled mobile platform, the non-slip rolling of the wheels on the ground implies
a different modeling. The mobile platform cannot move instantaneously in an arbitrary direction, because of this
constraint [9-14]. It is then said to be non-holonomic and it is necessary to consider the specific properties of
mobile platforms [15]. The prerequisites to implement a good total system control often involve the study of the

: Corresponding author samir.ikni@univ-bejaia.dz . ORCID Number of authors: * 0000-0001-8882-1062, 20000-0002-1528-0522
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kinematics and dynamics of the mobile manipulator. Our study was initially justified by the generation of
trajectories for a mobile manipulator in order to perform a given task [16], for example painting a surface or simply
sweeping it. We have based our work on a study and a comparative analysis between works already done in the
field, which considered simple structures of mobile manipulators to deal with trajectory tracking problems [17,
18]. And, other works, which consider such a complex structure: the flexible manipulators [19] and the
omnidirectional mobile robot [20], using the technique of the calculated torque was considered to solve the
problems of regulation and tracking of trajectory.

The contribution of this work is manifested in the application of a simple method of torque control calculated
in the task space is suggested for the tracking control of a mobile manipulator considered to a complex structure.
And finally, the effectiveness of the proposed system is evaluated through simulation by the MATLAB software
of mobile manipulator robot.

2. Description of the mobile robot manipulator

The mobile manipulators can be built according to Platform, which differs by the mechanism from training
employed. Mobile platforms most usually available to use a differential training or a training similar to a car.

A robot of the type unicycle east actuates by two independent wheels, it has possibly insane wheels to ensure
its stability. Its centre of rotation is located on the axis connecting the two driving wheels. It is a robot non-
holonomic; indeed, it is impossible to move it in a direction perpendicular to the wheels of locomotion [13, 17].
Its order can be very simple; it is indeed rather easy to move it of a point to another by a succession of simple
rotations and straight lines.

3. Modeling of a mobile manipulator

The system to be considered is a mobile manipulator supported by two independently driven wheels with a
common fixed axis to the platform and two passive self-aligning wheels. The wheeled platform is modeled as a
non-nolonomic system in which slip is neglected due to idling [7, 17]. Therefore, the wheeled platform consists of
three degrees of freedom that is reduced to two degrees of freedom due to the non-slip condition. On these
assumptions that the kinematic model of robot is developed, the details of the development are given in section
3.1

Figure 1. Mobile system of handling [14]

3.1. Kinematic modelling
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Let us consider the mobile system of handling of Figure 1. For the mobile platform, the kinematic equation
linear velocity at point F according to the speeds of wheel is given in the Equation 1 [14, 17]:

(XF) _ (L) ((bC0 +dSy) (bCy — dSo)) Or 1)
873 20/ \(bCy — dSo) (bCo +dSp)/ \ 6,
Where 8, and 6, are the angular velocities of the right-hand side and left, respectively. And

Sy = sin(¢), C, = cos(¢). The linear velocity of the final effector is found while basing on the fact that its
design speed is known and given by Equation 1. The speed of the final effector is written like:

(xE) _ (xF) N (Co _So) Jua 112> (91 + <p) )
Ve Vr So Go 21 J22 92
Or Jij (i, j=1, 2) are elements of the fixed base Jacobien of the manipulator used, given by:
Ji1 = —Ly1S1 = L3812, Ji2 = — L2812 1 Ja1 = L€y — LG and [ = LyCyy
6, , 0,: are the joint variables of the manipulator, with notations: S; = sin(6;) , C; = cos(6,),
Sij = Sin(Qi + 9]), C,_] = COS(gi + 9])
While combining Equation 1 and Equation 2, the differential kinematics of the mobile manipulator is obtained as

follows:
r T T T
. _ (E h (ﬂ)hl (5) + (5)111 Juu N2\ /g
%CE Co So 0 r r Jo1 a2 .
X 00 QL ~% : : o of|%
Vr 0 0 Sy G , r 6
2
- ()4 CLE
Who can be expressed in the following form:
x=Jv 4
With: v(t) = [6,6,0,6,]", by derivation Equation 4, we obtains:
¥=Jv+]v (5)

This equation will be used in Equation 8, to make the link between the acceleration, the position and the motor
torque of the robot.

4. Dynamic modeling

The dynamic model of the system, is based on the determination of the relationship between the torque and
the speed of the robot. In this section the details to obtain this relationship are given.
The dynamics of a mobile manipulator subjected to constraints non-holonomic can be obtained by using the
Lagrangian one in the following form, [6], [17, 18]:

M(@)g+C(q,9) = E(@t—AT(qQ)y (6)

The constraints non-holonomic written in the form of: A(q)g = 0, with q = [x,y.¢6,0,6,6,]7 € R™, is the
generalized coordinates. M (g)€ R™" is the matrix of inertia of the system. C(q, ¢) € R™1, A(q) € R™™" are
vectors centrifugal forces and Coriolis, respectively. A(q) € R™™ is matrix of the constraints.

In order to eliminate the force from constraint y, ST (q)A" (q) = 0. We can find the vector of entry speed

v(t) = [6,6,6,6,]", for all ¢ given in the following equation:

q=3S(q)v®) ()
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r(bCo+dSp) r(bCo—dSy) 0 0
2b 2b
r(bSg—dCp) r(bSo+dCyp)
With: s(q) = | S S 8 8 |
| 2b 2 1 0 |
0 0

Differentiating Equation 7, substituting the expression for ¢ into Equation 6 and premultiplying by ST, we get
the Equation 8.

STM(SH(t) +Sv() +C) =STt (8)
Which can be reduced as follows:

Mi+C=1 9)
Where M = STMS,C = ST(MSv +C),7 = ST,

Since S is non-singular, M is always symmetric and positive definite. Considering Equation 4, the Equation 9,
can be expressed as:

Mi+C=]Tt (10)

This model of Equation 10, will be used in the trajectory tracking, which is explained in section 4.1.
The controller structure is shown in Figure 2.

v
Des_ired € Control 5'| 1"'|.S‘I::'.I +0)+ M= ST' T Robot x
Trajectory — (kd, kp) -> WML EAL | [ >

(x% % 55 3
\ JTC M ¢ g

Linear Feedback

Figure 2. Modeling and control of a mobile manipulator.
4.1 Path Tracking

The path tracking is based on a control that minimizes the error between the robot position and the desired
position, details of this control are given below:

Suppose that the desired trajectory is described by X, , x; and x, , and since the general form of a mechanical
system is given by Equation 10, its control is as follows:

JTMi+C)=r1 (11)
Where auxiliary accelerations are given by:

X = X’d + kd(xd - x) + kp(xd - x) (12)

Where e =x; — x represents the tracking error of the system. k,, and k, are respectively the proportional and
derivatives gain matrices, which is also considered to be diagonal positive definite matrices. Substituting the
dynamic model in the operational space of the mobile manipulator given by Equation 6, in the control law given
by Equation 11. The result given in Equation 13.
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M(E + kyé + kye) = 0 (13)

Where M = STMS is invertible, the stability of the error (Equation 13), depends on the stability given in
Equation 14:

é+kye+kye=0 (14)

It is clear that for e = 0 is an equilibrium point for the system illustrated in Equation 14 and let us consider the
candidate Lyapunov function of the quadratic type of the following form,

V(q)= %éTé + %e(kp +ykq)e +yeTe (15)

In order to determine the stability of the closed loop system (Equation 14), let us now consider the time
derivative of the function (Equation 15). The developments are illustrated in Equations (16) - (21).

V(g) =¢éTé+e"(k, + ykq)e +yeTé (16)
with &= —kpe —kqé a7
V(q) = é"(—kpe — kyé) + " (k, + vky)e + yeT (—kpe — kg)é (18)
=—éTkye —eTkyé + éTkpe + eTykge —yéTkye —yéTkyé (19)
=—éTkyé + éTykse —yeTkye —yeTkyé (20)
V(g) = —¢Tky(1+y)é —éTy(k, —kq)e (21)

From Equations 21, V(q), is negative, we conclude that the closed-loop asymptotic stability indicate results for a
sufficiently small epsilon(y).

5. Results of simulation

To test the performance of the proposed study, the reference trajectory used is as follows:
Xkt () = 1- exp (-4t) (First simultion case) and forme x%#(t) = 3*sin(t)>+ 2*cos(t)? (second simulation case)

The main results of the simulation are given in the figures below.

The mobile manipulator robot moves from the start point to an end point (Figure 3), while following a desired
trajectory of the end effector in the desired space, delimited by the small brown cycles. Nevertheless, it can be
seen that there is some instability in the tracking, due to the non-holonomic constraints, which require the
calculation of the steering angle at all times, whose manipulability index is slightly lower than the desired
(maximum) value which should be equal to 1; in our case, it is stable around 0.748 (Figure 4 and 10 ) The
linearvelocity of the robot is given in figure 9 and 10 , the speed starts with an acceleration phase and then remains
at a constant value, then in the approach phase by a deceleration until the arrival, this speed control is directly
linked to the calculation of the motor torque of the robot that we have developed.Figures 7 and 8 illustrate that the
moving platform brings the end-effector of the manipulator to the desired position. Note that the movement of the
platform is not planned.

The control of the platform depends on the measured end-effector position information. The negative value of
the velocities indicates that the moving platform moved backwards for a short period of time at the very beginning
in order to reach the required heading angle. Therefore, the exposed backwards movement is not explicitly planned,
which shows the performance of the developed control strategy.

e First simulation case
Desired trajectory is of form: X% (t) = 1- exp (-4t)
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e Second simulation case
Desired trajectory is of form: x%¢(t) = 3*sin(t)? + 2*cos(t)?
20 T 1 T T 1 1 L] T

5 1 1 t 1 i 1 1 i
0 10 20 30 40 50 60 70 80
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Figure 7. Robot trajectory tracking by the robot.
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Figure 8. The final position of the robot.
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7. Conclusion

This work, focused on path following and control of the mobile manipulator, using a differential drive system

as an example. The system platform was equipped with two link manipulators. In order to solve the problem of
following the trajectory of the system subjected to non-holonomic constraints, we considered the control based on
a dynamic model of a mobile manipulator. To solve the problem in the task space, the well-known computer torque
control strategy, commonly used in the field of manipulator robots, has been considered. The stability of the entire
closed loop system has been proven. The simulation results show that mobile manipulators can follow the reference
path with great proximity, demonstrating the efficiency of the proposed calculated torque controller. Nevertheless,
need to use the more robust PD-flou controller, Neuronal, passive, in order to better improve the performance of
any structure (robot and its control).
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Abstract: Solid state optical properties of fluorescent materials are important for many photonic devices such as organic light
emitting diodes, frequency down-converters or luminescent solar concentrators. Perylene diimides (PDIs) represent one of the
most popular organic semiconductors which find application in such photonic device applications. In this study, photophysical
properties of two dibrominated PDI (DiBrPDIs), one of which contains a branched alkyl chain (2-ethylhexyl, 2-EH) and the
other with an aromatic substituent (diisopropylphenyl, DIA) at the imide positions are comparatively studied. We report their
absorption and photoluminescence, lifetime and photoluminescence quantum vyield (PLQY), as well as photoinduced
absorption properties (P1A) examined by fs-transient absorption spectroscopy. Having the same © conjugated system, DiBrPDI-
DIA and DiBrPDI-2EH exhibited identical absorption and photoluminescence (PL) spectra in chloroform (Aabs:527 nm and
AeL:552 nm). However, in film phase, DiBrPDI-DIA (ArL-0i1a:596 nm; PLQY:73.4%) presented a shorter PL wavelength with
a higher PLQY than that of DiBrPDI-2EH (ApL-2eH:649 nm; PLQY:36.7%). Bond lengths and core bending angles of PDI
derivatives were calculated using Chem3D pro software. It was determined that the 2,6-diisopropylphenyl group in
DiBrPDI(DIA) extends a distance of about 6.8 A out from the imide positions, providing more effective steric protection from
aggregation than the smaller 2EH group.

Key words: Solid state fluorescence, perylene diimide, fs-transient absorption spectroscopy, steric shielding.

Perilen Diimid Tiirevlerinin Uyarilmis Hal Ozelliklerine imid ikamelerinin Etkisi

Oz: Fluoresant malzemelerin kat1 hal optik 6zellikleri organik 151k yayan diyotlar, frekans doniistiiriicii veya 1s1yan giines
yogunlastiricilari gibi birgok optik ve elektronik fotonik aygitlar i¢in 6nemlidir. Perilen diimidler (PDIs) bu tiir fotonik aygit
uygulamalarinda yer bulan en popiiler organik yari iletkenlerden birini temsil etmektedir. Bu ¢aligmada, biri dalli alkil zinciri
(2-etilheksil, 2-EH) digeri aromatik (diizopropilfenil, DIA) yer degistirebilen grup igeren iki dibromlu PDI'nin (DiBrPDIs)
fotofiziksel 6zellikleri karsilagtirmali olarak incelenmistir. Biz bunlarin sogurma ve fotoliiminesans (PL), yasam omiirii ve
fotoliminesans kuantum veriminin (PLQY) ile fs-gegici absorpsiyon spektroskopisiyle incelenen foto-indiiklenmis
absorpsiyon Ozelliklerini (PIA) rapor ediyoruz. Ayni m konjuge sistemine sahip olan DiBrPDI-DIA ve DiBrPDI-2EH,
kloroformda (Aabs:527 nm ve ApL:552 nm) 6zdes sogurma ve PL davraniglarina sahiptir. Ancak, ayni kosullarda hazirlanan
filmlerde DiBrPDI-DIA (ArL-0i1a:596 nm; PLQY:73.4%), DiBrPDI-2EH'den (ApL-2eH:649 nm; PLQY:36.7%) daha yiiksek bir
PLQY ile daha kisa dalgaboyunda bir PL spektruma sahiptir. Chem3D pro yazilimi kullanilarak PDI tiirevlerin bag uzunluklari
ve korfez biikiilme agilar1 hesaplanmgtir. DiBrPDI(DIA)'daki 2,6-diizopropilfenil grubunun imid konumlarindan yaklagik 6.8
A'lik bir mesafeyi uzattig1 ve yigilmaya kars1 daha kiigiik 2EH grubuna gore daha etkili sterik koruma sagladig1 belirlenmistir.

Anahtar kelimeler: Kati hal fluoresans, perilen diimid, fs-gecici sogurma spektroskopisi, sterik koruyucu.
1. Introduction:

Solid state optical properties of singlet emitters are important for numerous photonic technologies due to their
fast fluorescence radiative response to excitation and high photoluminescence quantum yields (PLQYS) [1-7].
Perylene diimide derivatives (PDIs) from the rylen family [8,9] (Figure 1) are one of the high performance
fluorophore groups, possessing an extended © conjugation system with 2 naphthalene units substituted from the
peri positions that support customisability for many photonic applications. Their excellent semiconductor
properties are adjustable for specific desired application by chemical modifications of the peri or ortho positions
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[9-11] (Figure 1), targeting material properties such as fluorescence wavelengths, highest occupied molecular
orbital - lowest unoccupied molecular orbital (HOMO-LUMO) energy levels, and reduction potentials. The
resulting materials find extensive use in organic light emitting diode (OLED) or organic solar cells (OSC)
applications, with particularly valuable properties including their high emission efficiency (PLQY > 90%),
effective absorption of visible light (¢ > 10* M-*cm), strong n type characteristic, high electron affinity and
mobility, and high optical electronic and thermal stability [10,12-17].

In some photonic technologies (OLED, downconverters or fluorescence solar concentrators) which require
the use of fluorescence, planar PDI structures make them susceptible to dimer formation and aggregation caused
quenching (ACQ). Thus, they can lose almost all of their PLQY in film [14], limiting their successful use in these
technologies. Different approaches have been reported to minimize the film phase ACQ of polycyclicaromatic
compounds such as those containing the perylene or pyrene core [18,19]. One of them is direct chemical
modification [14,20,21], while dispersal in an optical host material with low doping rates of emitter can also avoid
ACQ [10,22]. As high concentrations are often required in applications though, the more commonly used method
to reduce the aggregation of PDIs is by connecting steric groups from imide or bay positions [14,20,23-25].
Although structures attached from the imide group do not participate in © conjugation system of PDI, electron
donating groups (containing amine or carbazole) can interact with the PDI core in photoinduced electron transfer
processes and quench PDIs’ PL by directly, affecting their photophysical properties [26,27]. Therefore, groups to
be attached from imide positions should be carefully selected according to their potential applications.

Rylene diimide groups Ortho Bay
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Figure 1. Some of the Rylen family members (left), and positions of Perylene for chemical modification (right).
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In this work, film and solution phase photophysical properties of isomeric mixtures of 1,7 (~%83) and 1,6
(~%17) -dibromo perylene diimides [(N,N’-bis(2-ethylhexyl)-1,7(6)-dibromoperylene-3,4,9,10-tetracarboxylic
diimide (DiBrPDI-2EH) and N,N’-bis(2,6-diisopropylphenyl)-1,7(6)-dibromoperylene-3,4,9,10-tetracarboxylic
diimide (DiBrPDI-DIA), (shown in Figure 2)] were investigated. Bay-unsubstituted N,N’-bis(2-ethylhexyl)-
perylene-3,4,9,10-tetracarboxylic diimide (PDIref) was also used as a reference for comparison with the
compounds subject to this study. DiBrPDIs exhibiting the same absorption and PL in the solution phase exhibited
different PL in the film phase, due to the different steric bulk of their imide groups. PLQY measurements and
computer simulations of the molecular geometries demonstrate that the DIA substituents provide superior steric
protection of the PDI core from ACQ, leading to the improved film phase properties of the DiBrPDI-DIA material.
The Br bay-substituents are also found to assist in preventing aggregation compared to PDlref, disrupting n-n
stacking interactions by twisting the otherwise planar PDI core.

2. Experimental
2.1. Materials and instruments:

Host polymer Zeonex 480-R and 2,6-diisopropylaniline were purchased from Zeon corporation and
Acros Organics, respectively. Ethanol (absolute), hydrochloric acid, bromine, iodine, hexane, chloroform (CHClI3),
toluene, dichloromethane, N,N-dimethylformamide, acetic acid, 1-methyl-2-pyrrolidinone, silica gel (0.040-0.063
mm) were obtained from Sigma-Aldrich and perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) was
purchased from Fluka. Synthetic details of N,N’-bis(2-ethylhexyl)-perylene-3,4,9,10-tetracarboxylic diimide
(PDlIref), N,N'-bis(2-ethylhexyl)-1,7(6)-dibromoperylene-3,4,9,10-tetracarboxylic diimide (DiBrPDI-2EH) and
N,N'-bis(2,6-diisopropylphenyl)-1,7(6)-dibromoperylene-3,4,9,10-tetracarboxylic ~ diimide  (DiBrPDI-DIA)
(Figure 2) used in this study were previously reported [4,10,28].
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Analytik Jena S 600 UV-Vis and Edinburgh Instruments FLS920P spectrophotometers were used for
absorption, photoluminescence (PL), photoluminescence quantum yield (PLQY) and emission lifetime (1)
measurements (time-correlated single photon counting-TCSPC). EPL-470 model (Aext; 472.4 nm, Pulse width: 86.9
ps) laser and an integrating sphere were utilized for lifetime (ns) and absolute PLQY measurements (Aexi: 492 nm),
respectively.

Excited state properties of DiBrPDIs were examined by fs-TAS in 480-800 nm range. The first part of the
1030 nm output from the fs amplifier PHAROS was used as the pump for the excitation (It was used to generate
343 nm via the third harmonic generation.). The second part of the 1030 nm output was focused on a 2 mm sapphire
plate to create a continuum of white light, which was used as a probe to observe the excited state behaviour of
DiBrPDls.

CsHyg C4Hq
C,Hs KchHS
O N 0 0 N

H Br H
OO OG

O N 0
CzHEI) CQH51)
4Hg
PDIvef DiBrPDI-2ZEH DiBrPDI-DIA

Figure 2. Molecular structure of PDIref, 1,7 (or 6) DiBrPDI(2EH) and DiBrPDI(DIA).

2.2. Preparation of neat and drop cast films

Neat films of DiBrPDIs were prepared on cleaned microscope slides by spin coating at 1500 rpm for 60 s of
their solutions with the concentration of 5 mg/mL CHCls. Drop casted polymer film preparations of DiBrPDIs
were started by introducing the perylene derivatives in 100 mg/mL Zeonex solution (in toluene) at different doping
ratios (x: 0.25, 0.5. 1, 2, 3 and 5 wt.%) and stiring for 2 hs. Then, prepared DiBrPDIs-Zeonex solutions were drop
casted on microscope slides and were dried for 30 min at 60°C.

3. Results and Discussions:
3.1 Steady state Absorption and PL properties of DiBrPDIs:

The absorption and PL spectra of PDIref, DiBrPDI-2EH and DiBrPDI-DIA (1.0 x 10%M in CHCIs) and PL
spectrum of neat films are given in Figure 3a-b. PDIref presented maximum absorption wavelength (Aaps™) and
maximum PL wavelength (ApL™) values of 526 nm and 532 nm, respectively. Although the daps™ values of
DiBrPDI-2EH and DiBrPDI-DIA are almost the same with PDIref, the Stokes shifts determined with these
derivatives increased to 25 nm. This difference is attributed to the inductively electron donating property of the
halogenic group (-Br) present at the bay positions of DiBrPDI-2EH and DiBrPDI-DIA as the N-substituents of
PDIref and DiBrPDI-2EH are the same. Indeed, it is elsewhere reported that different alkyl chain or simple phenyl
ring substituents (like 2EH and DIA) at the imide position have minimal effect on the properties of PDIs in dilute
solution [29,30]. This contrasts strongly with the quenching effects via photoinduced electron transfer observed
when using amine group-containing substituents [26,27].

13



The Effect of Imide Substituents on the Excited State Properties of Perylene Diimide Derivatives

Since DiBrPDI-2EH and DiBrPDI-DIA have the same & conjugation system, they present identical absorption
and PL in solution phase. Their daps™ and Ap ™ are 527 and 552 nm, respectively. Despite all these similarities,
the diisopropyl groups of DIA were found to prevent the n-x interaction of PDI cores more than 2EH based groups.
Indeed, the DiBrPDI-DIA group displayed less evidence of aggregate formation and retained a higher energy PL
than the DiBrPDI-2EH in neat film (Figure 3b). The ApLmax™™ of PDIref, DiBrPDI-DIA and DiBrPDI-2EH are
638, 596 and 649 nm, respectively. The PL peak of DiBrPDI-DIA in the film phase, which corresponds to the 2nd
peak of the PL curve of its in the solution, suggests both excimer-dimer behaviour and significant self-reabsorption
of the emitted light (dilute solution absorbance and emission spectra have some overlap). Both materials showed
more evidence of aggregate PL at longer wavelengths (649 nm 2EH peak, 700 nm DIA peak) [14]. Also, the
difference in their PL spectra of thin films is consistent with photographs of the pure material under UV light. DIA
displayed higher energy ‘orange-red PL’, while 2EH displayed lower energy ‘red PL’ directly (Figure 3c). PDIref,
on the other hand, exhibited a lower energy and broadened PL spectrum in film phase (Figure 3-a) due to the
aggregation at lower energy states [14].

a)y. 4
1.0- in CHCIE 526 532 638 Eilm 1.0
PDlIref PL
: —a— ADS
éo's'—o—PL 'O'SE
o
206 Jo.6 3
N =
©
£0.4- 0.4 %
2 zZ
0.2 10.2

0.0 0.0
400 500 600 700 800
Wavelength (nm)

b)
Mg 527552 596 649 Eilm
—=— 2EH —o— 2EH
0.8{—e—2EH
—v— DIA
0.6{P"
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Figure 3. Absorption and PL spectrums of a) PDIref and b) DiBrPDI-2EH, DiBrPDI-DIA in dilute chloroform
and neat films and c) image of orange-red (DiBrPDI-DIA) and red (DiBrPDI-2EH) powders fluorescence under
UV light excition.

PDiref is well known to undergo aggregation (also named PDlref in this referenced study, [14]), and was
qualitatively compared to the DiBrPDI derivatives doped with different wt.% in Zeonex (optically transparent)
host material under UV light (Figure 4). Even in the 0.25% doped film of PDlIref, it was found that the green-
yellow PL of its monomer [PDlref PL - [13,14] was quenched (low intensity) and the PL color shifted
predominantly to red-wavelength after 1% doping concentrations. DiBrPDI-2EH exhibited a fairly high PL at 1%
doping rate due to sterically shielding bromines compared to planar PDIref. DiBrPDI-DIA containing both
bromine and DIA was more successful at preventing aggregation and exhibited remarkably stronger PL up to 5%
doping concentration. In addition to these photographs demonstrating relative PLQY under UV light excitation,
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guantitative measurement of the absolute PLQY of the 5% doped DiBrPDI-2EH and DiBrPDI-DIA films are found
to be 36.7% and 73.4%, respectively. The resulting PLQYs combined with the observed relative emission
brightness in the photographs, reveal the different aggregation tendencies of the films (Figure 4).

0.25 0.5 1 2 3 5%

® 000

DiBrPDI(2EH J

Figure 4. Images of PDIref, DiBrPDI-DIA and DiBrPDI-2EH films (in Zeonex host material with different
wt.%s) under day light (upper) and UV light (lower) excitation.

PL spectra and lifetime decay of drop casted films (5 wt.%) are given in Figure 5. DiBrPDI-DIA and
DiBrPDI-2EH exhibited Ap ™ at 592 and 630 nm, respectively. In addition, average lifetime of DiBrPDI-2EH
and —DIA were found to be 8.54 and 6.03 ns (Table 1), respectively. As described above (images of films in Figure
4), DiBrPDI-DIA exhibited higher energy PL (592 nm, 2.09 eV) with higher PLQY than that of DiBrPDI-2EH
(630 nm, 1.96 eV) and a faster lifetime, due to its lower aggregation tendency [14].

2
10. a) 592 630 b)
5%doped . )
§ .° ope 1000+ DiBrPDI
7 0.84 DiBrPDI- —=—2EH (@630nm)
Rl —a—2EH » —e— DIA (@592nm)
$0.6{ ——DIA < 1004
= >
[ )
g 0.4 o
S 10
0.2
0.04—= r r A ¢ r r T r T
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Wavelength (nm) Delay time (ns)

Figure 5. a) Emission spectra and b) PL lifetime (ns) decays of DiBrPDI-2EH and DiBrPDI-DIA films (5 wt. %
doped in zeonex).

Table 1. Average lifetime value () of DiBrPDIs at film phase (%5 doped in zeonex).

DiBrPDI- 11 (NS) % 12 (NS) % 13 (NS) % T average (NS)
2EH 1.57 8.84 4.16 69.39 13.26 21.77 8.54
DIA 3.87 95.36 16.48 4.64 - - 6.03
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3.2. 3-D study of steric shielding

In order to better explain the aggregation reducing effects of bromine and imide groups, a computational 3D
study of brominated and unbrominated (-H) 2EH and DIA were carried out by using MM2 (molecular mechanics
method) energy minimization in Chem3D Pro 12.0 software [10] (Table 2). In the accessible lowest-energy
conformer, the DIA group occupies a volume that extends 6.8 A perpendicular to the PDI core plane. In 2EH, this
distance is only 6.0 A. However, flexible 2EH group (alkyl group) can also rotate freely around the PDI plane,
while rigid DIA groups cannot because of the presence of carbonyl groups. This causes the triisopropyl groups to
stay perpendicular to the plane, providing better shielding from dimer interactions in the concentrated films.

In addition to the N-substitution effect, it was observed that the PDI core twisting angle changed due to the
binding of bromine atoms compared to the flat core of unsubstituted PDI. The change in core angle is also
consistent with XRD results for the isolated crystal of dibromoPDI from a previously reported study [31]. This
effect also caused a steric shielding among PDls, with the twist frustrating close packing interactions. This is why
the DiBr2PDI-2EH material displays better resistance to ACQ than PDIref, despite possessing the same imide
group. DiBrPDI-DIA exhibited yet superior PLQY even at doping as high as 5% in films, as it has shielding due
to both imide and bay groups, which provide rigid steric protection in contrast to the 2EH group.

3.3. Femtosecond Transient Absorption Properties (fs-TAS) of DiBrPDIs

Excited state properties of DiBrPDI-2EH and -DIA at 1.0 x 10 M and 1.0 x 10-® M in CHCls, which exhibit
similar behaviour at dilute concentrations (1.0 x 106 M, Figure 3b), were investigated. More detailed information
about the pump-probe fs-TAS technique is detailed in previously reported study [14].

The TAS spectra of DiBrPDI-2EH and -DIA at different delayed time from 20 ps to 5.8 ns are summarized
in Figure 6. Both DiBrPDIs exhibited only singlet state transitions at 1.0 x 10* M and 1.0 x 10 M. In summary,
the DiBrPDIs showed overlap of both ground-state bleach (GSB) and stimulated emission (SE) signals at 529 nm
(for -2EH), 532 nm (for -DIA), and also SE of fluorescence So.1- at 575 nm (for -2EH) and 579 nm (for -DIA) at
1.0 x 10 M. Two intense PIA peaks, which were similar to each other, of DiBrPDI-2EH and -DIA were observed
at 734 and 741 nm at 1.0 x 10 M, respectively. They exhibited similar features in the PIA regions (probably S1
to S2 or S3) as well as in the steady state features. Also, the PIA lifetimes of -2EH and -DIA were 4.3 and 4.6 ns,
respectively (Table 3), in reasonable agreement with emission lifetimes in zeonex. These values are also similar
to PDI derivatives reported with monomer structure [10,14,25]. At 1.0 x 10 M of DiBrPDls, both PDIs' GSB-SE
first overlap peaks shifted to a few nm longer wavelengths because of highly absorption of white light continuum
of probe by DiBrPDIs [14] while the SE peaks did not change. No new peaks belonging to intersystem crossing
transitions (which would otherwise reveal the presence of triplet states) were observed. It was observed that both
DiBrPDIs were resistant to excimer-dimer at 1.0 x 10 M with no excessive increase in any PIA lifetime and no
change observed at the SE peaks. The PIA lifetimes of DiBrPDI-2EH and -DIA were 5.0 and 4.8 ns, respectively
(Figure 7 and Table 3), with larger values at these higher concentrations indicative of the formation of some
excimer or dimer states [14].
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Table 2. 3D study of brominated and unbrominated PDI-2EH and PDI-DIA.

Bay PDI-2EH PDI-DIA
group.

H

=PDlref

DiBr

DiBr
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Figure 6. TAS curves of DiBrPDI-2EH and DiBrPDI -DIA at 1.0 x 10* and 1.0 x 10 M concentrations in
CHCls.

Table 3. Average lifetimes (ns, weighted average of mono or biexponential fit) for PIA peaks of DiBrPDIs

at 1.0 x 10 and 1.0 x 10 M concentrations.

DiBrPDI-2EH DiBrPDI-DIA
Concentration 1.0 x 10* M 1.0x[10° M 1.0x10*M 1.0x10° M
PIA (Apia™) 4.3+0.05 5.0+ 0.01 4.6 £0.01 4.8 +0.09
Lifetime (ns)
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Figure 7. PIA peak decays of DiBrPDIs at 1.0 x 10 and 1.0 x 10-* M concentrations in CHCls.

4. Conclusion

Unshielded planar PDIs often do not exhibit adequate photophysical properties in the film phase because of
ACQ limiting many photonic applications. Especially in down-conversion studies, low rates of doping of PDlIs
must be made into an optical-resin in order to preserve the PLQYs of PDIs in the film phase. In this study, films
and solutions of reference PDI and sterically shielded DiBrPDI derivatives with different steric imide groups were
produced and compared. While both dibromoPDI derivatives exhibited very high luminescence compared to the
reference at 0.25 and 5 % wt doped, DiBrPDI-DIA was able to exhibit very high PLQY even at a very high doping
rate of 5 % due to the superior space filling steric protection of the DIA group. This structural property was
confirmed by chemical computations. In this way, target white light downconverters may in future be produced
by coating a single or several times instead of repeatedly coating from low concentrations [22], alongside enabling
many other photonic applications of these materials.
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Abstract: In the present study, Energy Absorption Buildup Factor (EABF) and Exposure Buildup Factors (EBF) of the CR-39
and Trivex optical lenses are calculated by using the Geometric Progression (GP) fitting method based on ANSI/ANS-6.4.3
database. The study analyses comprehensively for different penetration depths within the energy range of 0.015 - 15 MeV up
to 40 mfp. The buildup factors are calculated in the examined materials depending on the photon energy that arrives, the
penetration depths, and the chemical composition of the material reach at maximum values in the energy region where
inconsistent scattering interaction probabilities are intensive. The results show that the CR-39 optical lens had better radiation
shielding performance. The suitability of the results is compared with the powerful software tools (EPICS2017 and Phy-
X/PSD), which are preferred frequently in the literature to calculate radiation shielding parameters. It is found that the relative
changes between the EPICS2017 and Phy-X/PSD software compared with the results of this study are about 8% and 9% for
the CR-39 and Trivex optical lens, respectively. This indicates that the results from the study are in good agreement.

Key words: CR-39, Trivex Optical lenses, Buildup factors, EPICS2017 Library, Phy-X/PSD Software.

CR-39 ve Trivex Optik Lenslerinin Foton Maruz Kalma ve Enerji Sogurma Buildup Faktorlerinin
Karsilastirilmasi

Oz: Bu ¢alismada CR-39 ve Trivex optik lenslerinin enerji absorpsiyon buildup faktérii (EABF) ve maruz kalma buildup
faktorleri (EBF), geometrik ilerleme (GP) uydurma yontemi kullanilarak ve ANSI/ANS-6.4.3 veri tabani dikkate alinarak
hesaplanmistir. Caligma 0.015 ila 15 MeV enerji araliginda ve 40 mfp'ye kadar farkli penetrasyon derinligi i¢in kapsamli bir
sekilde analiz edilmistir. Incelenen materyallerde hesaplanilan her iki buildup faktdriiniin gelen fotonun enerjisine, penetrasyon
derinliklerine ve materyalin kimyasal bilesimine bagimlilik gosterdigi ve tutarsiz sagilma etkilesim olasiliklarinin baskin
oldugu enerji bolgesinde maksimum degerlerine ulagtigi bulundu. Sonuglar, CR-39 optik lensinin daha iyi radyasyon koruma
performansina sahip oldugunu gosterdi. Sonuglarin uygunlugu radyasyon koruyucu parametrelerin hesaplanmasinda literatiirde
siklikla tercih edilen EPICS2017 ve Phy-X/PSD gii¢lii yazilim araglari ile karsilastirildi. EPICS2017 ve Phy-X/PSD yazilimlar
ile bu ¢aligmadan elde edilen sonuglar arasinda nispi degisikliklerin CR-39 ve Trivex Optik lensi i¢in sirastyla %8, %9 oldugu
bulundu. Bu, ¢aligmadan elde edilen sonuglarin iyi bir uyum gosterdigini belirtmektedir.

Anahtar kelimeler: CR-39, Trivex Optik lensleri, Buildup Faktorii, EPICS2017 Kiitiiphanesi, Phy-X/PSD Yazilimi.
1. Introduction

CR-39 is a type of plastic in which the optical, mechanical, and physical features of glass are combined. It is
used widely in the optical industry with chemical structure and compaosition for, processing and coatings and it has
structure lighter than mineral glasses. CR-39 Resin (Columbia Resin) developed by Pittsburgh Plate Glass
Company (PPG) is known also as Allyl Diglycol Carbonate (ADC). The lenses made from CR-39 polymer are
resistant against scratches, heat, and household chemicals [1-3]. In addition to their optical use in eyeglass lenses,
they are also used in detectors and glass-reinforced fuel tanks for fighter planes to detect radioactive particles such
as alpha and protons. The PPG focused on Trivex optical lens is lighter material, in 2001. This lens has excellent
impact resistance, and is preferred highly in the optical industry. Trivex lenses are polyurethane, and have optical
quality, light weight, and safety features. They are named based on these features [3]. They are also lighter than
the CR-39 optical lens [3,4].

*Corresponding author: shilici@bandirma.edu.tr. ORCID Number of authors: * 0000-0002-7694-5081, 2 0000-0002-3192-456X, * 0000-
0001-6566-4308
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The uses of these lenses are preferred in the optical industry, and especially they increase in eyeglasses, with their
importance even more. For this reason, it is important to determine the radiation shielding features of optical
lenses.The radiation shielding features differ according to the type of the optical lens used. The World Health
Organization (WHO) issued an urgent international public health warning as Public Health Emergency of
International Concern (PHEIC) on January 30, 2020, which included recommendations for the use of goggles or
face shields to protect against eye contamination of CoV [5]. There are some reports on its effect on the eye in the
recent CoVid-19 pandemic [6,7].

The buildup factors for CR-39 and Trivex optical lenses were investigated in the present study by using
gamma rays within 0.015-15 MeV energy range. These Gamma rays pass through a medium that interact with the
atoms of the substance as a result of which some of them are absorbed or scattered, which creates fluorescence,
pair production, and Bremsstrahlung secondary photons. The buildup factors stand for the contribution of
secondary photons to the number of photons present at a specific point. It is also defined as the rate of the total
amount of photons at a fixed point to the number of photons that arrive at that point without any interaction [8,9].
Buildup factors are evaluated in two classes, which are the Exposure Buildup Factor (EBF) and the Energy
Absorption Buildup Factor (EABF). The quantity of interest in EBF is the exposure to incoming photons, and it is
the amount of energy stored or absorbed in the material interacting with the photon in EABF [10]. In this study,
the database is prepared by the American Nuclear Society (ANS) Standards Committee Work Group ANS-6.4.3
[11] and approved by the American National Standards Institute (ANSI) and then taken as the reference to calculate
the buildup factors. The data include a compilation of the Geometric-Progression (G-P) fitting parameters for
penetration depths of up to 40mfp (i.e. the mean free path) within the 0.015-15MeV energy range [8,12]. The G-
P fitting formula by Harima (1983) and Harima et al. (1986, 1991) is used to determine the buildup factors that
took into account multiple scattering. All the results obtained in this study are compared with powerful tools e.g.
EPICS2017 [13] and Phy-X/PSD [14] that made radiation shielding parameters, and the results are found as
compatible.

2. Materials and Methods

The chemical formula of CR-39 is (C12H1s07)n, Where the elemental compositions of C, H and O contents are
52.6% wt, 6.6% wt and 40.8% wt, respectively. The chemical formula of Trivex is (C11H1sN2)n, with the elemental
compositions of C, H and N contents are 74.1% wt, 10.2% wt and 15.7% wt, respectively. Some other features of
CR-39 and Trivex optical lenses are given in Table 1 [1,3,4,15-17].

Tablo 1. Some of the physical and optical parameters for lenses

Parameters CR-39 Trivex
Refractive index (n) 1.49 1.53
Abbe number 58 43-45
Density (g cm™) 1.32 1.11
Average molecular weight (g/mol) 274.26 178.27
Molar Volume (Vm), (cm*/mol) 207.77 160.60

It is expected that the polymer structures of the lenses are used commonly in the optical industry, and they
have good radiation protection potential. The Equivalent Atomic Number (Ze), G-P fitting parameters, and EBF
and EABF values of the CR-39 and Trivex optical lenses are examined and calculated in this study within the
photon energy range of 0.015-15 MeV up to 40 mean free path (mfp) penetration depth. The EBF and EABF
values are evaluated by the G-P Fitting method, which is a very convenient and precise approach in calculating
EBF and EABF values. The mass attenuation coefficients (MAC) for CR-39 and Trivex optical lenses are obtained
theoretically by using the XCOM Web Program [18], which provides convenience to the user with interface that
is developed by NIST including a list to describe the material [19,20]. The MAC values of any element, compound
or mixture can be assessed with this program for partial photon interactions such as atomic photoelectric effect,
incoherent, coherent scattering, and pair production as well as for total photon interaction. MAC is an important
parameter for description of how much incoming photon is absorbed, transmitted, and scattered when it interacts
with the matter [21]. The amount of photon that is transmitted from a material is calculated by the Beer-Lambert
I =1, law, which links the absorption of light in optics to the features of the material through which it passes

[22-25]. Here I, is the intensity of the incoming photon, I is the intensity of the transmitted photon, x is the
thickness, and p is the MAC value. Basically, this law applies under three conditions, which are monochromatic
beam, thin absorber material, and narrow beam geometry. If one of the conditions is not met, then the law loses
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its validity. In such a case, it is changed as the Beer-Lambert | = Bl,e™", Law where B (E, x) is the buildup factor

[9,21,26]. The photon buildup factor represents the amount of the secondary photons that are included in the total
photon number at a specified point [9]. By using the G-P method with ANSI/ANS-6.4.3 database, the buildup
factors take place in three steps after determining the equivalent atomic number (Z.q), G-P fitting coefficients, and
EBF/EABF values.

2.1. Computation of the equivalent atomic number (Zeq)

The MAC values are obtained for the selected CR-39 and Trivex lenses in the 0.015-15 MeV energy range
by using the XCOM program. The Zq values are determined with the logarithmic interpolation method given in
the following equation by using the ratio between the Compton partial mass attenuation coefficient (tm)compton and
the total mass attenuation coefficients (wm)tota [27—30]. Zeq is a parameter dependent on the energy of the incoming
photon describing the features of a material in terms of equivalent elements in scattering interactions [14,31].
Basically, the accumulation of photons consists of multiple scattering resulting from the Compton scattering
process. For this reason, the determination of Zeq is based frequently on the (pm)compton Calculation [30].

;- Z,(logR, —logR)+Z,(logR - logR,) 1)
« logR, —logR,

Here R's are the (tm)compton/(m)totar Fatio. Z; and Z, refer to the atomic numbers of the elements corresponding to
the ratios of Ry and Ry, respectively.

2.2. Computation of the G-P fitting coefficients

The geometric-progression (G-P) fitting formula by Harima (1983) [29] and Harima et al (1986, 1991) [32,33]
has been used widely to calculate the buildup factors (EABF and EBF) for a wide variety of materials [34]. G-P
fitting parameters for the elements are obtained from the database of the American Nuclear Society standard
ANSI/ANS 6.4.3 [11]. The ANSI/ANS 6.4.3 standard database has compiled G-P fitting parameters and buildup
factor data up to 40 mfp in the photon energy range of 0.015-15 MeV for 23 elements in addition to a compound
(water) and two mixtures (air and concrete). Mfp (mean free path) is the path taken by the photon between two
interactions. In this study, the Zeq values are calculated for the CR-39 and Trivex optical lenses as in the previous
step; the G-P fitting coefficients (a, b, ¢, d and Xy) are calculated according to the following expression.

o R(logZ,~logZ,,)+P,(logZ,,~logZ,)
logZ,-logZ,

)

where the P's are the G-P fitting coefficients corresponding to the Z atomic numbers at the determined energy.
2.3. Computation of the buildup factors

EBF and EABF values are obtained from the following equations using the G-P fitting parameters for the
CR-39 and Trivex optical lenses in the previous step [32]. The buildup factor is expressed as a function of mfp
[30].

K*-1
B(E,x)=1+(b-1)x< K -1
X K=1

K=#1 ©)

tanh (x/X, —2)—tanh(-2)

for x <40 mf 4)
1-tanh(-2) P

K(E,x)=cx*+d
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Here, E is the photon energy, x is the mfp value, and a, b, ¢, d and X are the G-P fitting coefficients. The b
coefficient corresponds to the buildup factor in 1 mfp. The parameter K (E, x) expresses the photon dose multiplier
and the change in the shape of the spectrum at 1 mfp.

3. Results and Discussion

The buildup factors are calculated for the CR-39 and Trivex optical lenses using the procedure as described
above. It is necessary to know the Ze, and G-P fitting coefficients to calculate the buildup factors according to the
G-P fitting method. The MAC values from the XCOM program are used in the photon energy range of 0.015-15
MeV to calculate the Zq values of the optical lenses that are considered in the study. The G-P fitting coefficients
of these optical lenses are evaluated in the photon energy range of 0.015-15 MeV using the ANSI Database. Some
results are given in Tables 2-5 for the examined optical lenses that. The dependency of the calculated buildup
factors on Zeq, incoming photon energy and mfp is discussed in the following parts. All the results of this study
are compared with powerful software such as EPICS2017 and Phy-X/PSD. EPICS2017 calculates the photon
attenuation and accumulation factors for the energy absorption and exposure. The data library is formed by
interpolation of the relevant photon energies in the ENDF-6 [35] data format on IAEA-NDS website. Phy-X/PSD
is an online software that is developed to calculate various radiation shielding parameters. The WinXCOM
software is useful to generate the data library. The deviation percentages (Dev.%) between the buildup factors are
obtained from the EP1CS2017 and Phy-X/PSD software according to Equation 5, and some of the buildup factors
are given in Tables 4 and 5. The maximum EBF deviations are between Phy-X/PSD and EPICS2017 software as
7.889 for CR-39 and 9.322 for Trivex. The maximum deviations are 4.230 for CR-39, 6.351 for Trivex for the
EABF values, which indicates that the results are compatible.

Dev.= [ ( EBF )EPICSZOH - ( EBF )xcom ]

®)
(EBF) x100

XCoM

Tablo 2. G-P fitting parameters (exposure and absorption) calculated in this work for CR-39

Energy . EBF EABF
(MeV) “ a b c d Xk a b c d Xk
0.015 6.7447 0.1648 1.2729 0.4906 -0.0824 14.2911 0.1611 12738 0.4940 -0.0782 14.5319
0.02 6.7589 0.1178 16236 0.6199 -0.0578 15.4035 0.1207 1.6345 0.6150 -0.0593 15.2654
0.03  6.7702 0.0357 2.8229 09092 -0.0293 15.0661 0.0350 2.9259 0.9098 -0.0274 15.2930
0.04  6.7770 -0.0690 4.2368 1.3787 0.0271  13.6567 -0.0672 4.2241 1.3677 0.0251 13.8412
0.05 6.7815 -0.1244 54041 1.7374 0.0539 13.9562 -0.1214 5.0296 1.7240 0.0518 14.0599
0.06 6.7861 -0.1624 58791 2.0269 0.0746 13.8894 -0.1578 5.1888 1.9914  0.0708 13.9971
0.08 6.7939 -0.2005 5.7148 23614 0.0912 13.5291 -0.1894 49021 2.2699 0.0822 13.6942
0.1 6.7986 -0.2008 5.3312 24111 0.0871 14.3662 -0.1886 4.5921 2.3117 0.0786 14.5252
0.15 6.8023 -0.2152 4.0590 25292 0.0966 14.1348 -0.1912 3.7035 2.3325 0.0768 14.5800
0.2 6.8049 -0.2117 3.4714 24601 0.0919 13.6414 -0.1819 3.3289 2.2243  0.0760 14.7911
0.3 6.8112 -0.1856 3.0048 2.1921 0.0789 14.1872 -0.1687 2.8364 2.0662 0.0669 14.4223
04 6.8132 -0.1686 2.7329 2.0169 0.0707 13.8948 -0.1506 2.6271 1.8985  0.0606 14.3832
0.5 6.8140 -0.1509 2.5647 1.8677 0.0646 14.1585 -0.1379 24627 1.7841  0.0566 14.3938
0.6 6.8149 -0.1365 2.4408 1.7567 0.0577 13.9871 -0.1232  2.3745 1.6713  0.0492 14.3736
0.8 6.8148 -0.1157 2.2542 1.6017 0.0514 13.9916 -0.1055 2.2026 15460 0.0437 14.1934
1 6.8161 -0.0984 2.1401 1.4863 0.0444  13.9690 -0.0871 2.1011 1.4383 0.0364 14.6302
15 6.1870 -0.0669 2.0007 1.3029 0.0315 13.8816 -0.0599 19397 1.2748 0.0264 14.3027
2 6.1626 -0.0433 1.8960 1.1893 0.0200 14.0267 -0.0373 1.8420 1.1680 0.0148 14.4658
3 6.1560 -0.0140 1.7468 1.0584 0.0058 12.2964 -0.0113 1.7141 1.0508 0.0029 14.1578
4 6.1526 0.0040 1.6498 0.9865 -0.0074 24.0742 0.0037 1.6262 0.9888 -0.0028 13.0639
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5 6.1516 0.0172 15730 0.9392 -0.0112 14.3983 0.0151 15641 09451 -0.0081 14.8325
6 6.1503 0.0266 1.5236 0.9071 -0.0155 14.0908 0.0281 15161 09039 -0.0181 13.1077
8 6.1475 0.0373 14376 0.8709 -0.0320 16.2444 0.0341 14295 0.8828 -0.0170 12.1088
10 6.1458 0.0414 13713 0.8577 -0.0211 125927 0.0398 13759 0.8604 -0.0221 14.3094
15 6.1449  0.0463 1.2752 0.8410 -0.0303 15.2397 0.0472 12812 0.8384 -0.0328 15.7840
Tablo 3. G-P fitting parameters (exposure and absorption) calculated in this work for Trivex
Energy z. EBF EABF
(MeV) a b c d K a b c d X
0.015 58161 0.1379 14398 05616 -0.0677 14.4122 0.1435 14538 05490 -0.0725 14.5000
0.02 58315 00698 1.9858 0.7662 -0.0359 16.1229 0.0673 2.0145 0.7720 -0.0344 16.3288
0.03 58421 -0.0402 36807 12242 0.0147 13.0577 -0.0393 3.8743 1.2231 0.0139 12.8917
0.04 58453 -0.1373 54860 1.8151 0.0602 14.0005 01353 51513 1.8033 0.0586 14.1345
005 58528 -0.1775 6.9258 2.1829 0.0769  14.3679 -0.1700 5.6279 21257 0.0714 145246
0.06 58564 -0.2046 7.4053 24571 0.0905 14.5334 -0.1905 54220 2.3387 0.0802 14.7032
008 58633 -0.2315 69387 27520 0.1014 14.4911 -0.2068 4.8291 25267 0.0835 14.8626
0.1 58643 -0.2401 6.1882 2.8500 0.1035 14.5727 -0.2112 42682 25798 0.0834  14.9422
0.15 58506 -0.2470 45611 2.8895 0.1073 14.2674 -0.2042 35238 24950 0.0765 15.2121
0.2 58712 -0.2381 37759 27568 0.1080 15.0281 01951 3.1764 2.3653 0.0744 15.0837
03 58737 -0.2170 3.1521 24693 0.0980 14.3763 -0.1759 2.7888 2.1387 0.0697  14.9957
04 58752 -0.1978 2.8481 2.2436 0.0837 13.3713 -0.1544 26200 1.9354 0.0634 14.8063
05 58758 -0.1764 2.6618 2.0498 0.0823  14.0470 -0.1390 24534 1.8070 0.0618 15.9483
0.6 58764 -0.1559 25465 1.8831 0.0657 13.5971 -0.1198 23959 1.6680 0.0461  14.9729
08 58768 -0.1367 2.3180 1.7127 0.0669 13.7550 -0.1095 2.1968 1.5658 0.0464  14.0932
1 58764 -0.1127 21998 15579 0.0553 13.7519 -0.0934 20864 14631 0.0408 14.1655
15 52502 -0.0791 2.0563 1.3541 0.0433 137533 -0.0612 1.9388 1.2808 0.0275 14.3136
2 52328 -0.0483 19396 12075 0.0261 14.2773 -0.0407 1.8379 11757 0.0180 14.1990
3 52296 -0.0171 1.7777 1.0645 0.0095 125315 -0.0125 17160 1.0515 0.0047 13.2708
4 52250 0.0055 1.6759 0.9805 -0.0053 19.1483 0.0038 1.6281 0.9890 -0.0031 14.4484
5 52246 0.0177 15921 0.9351 -0.0101 14.9222 0.0162 15680 09437 -0.0092 14.1768
6 52246 0.0260 15363 09065 -0.0144 147317 0.0276 15264 0.9033 -0.0154 12.9421
8 52238 0.0357 14470 0.8683 -0.0237 14.8066 0.0404 14463 0.8625 -0.0212 11.3814
10 52236 0.0412 13811 08510 -0.0186 13.1120 0.0401 1.3871 0.8555 -0.0212 14.4388
15 52215 0.0475 1.2831 0.8340 -0.0256 14.2945 0.0470 12923 0.8353 -0.0279 14.5319
Tablo 4. Comparison of buildup factors from Phy-X/PSD, EPICS2017 and this work for CR-39
EBF for 1 mfp EBF for 5 mfp EBF for 10 mfp EBF for 40 mfp
E,\r}legg’)’ Phy-X/ EPICS This | Phy-X/  EPICS  This Phy-X/  EPICS This Phy-X/ EPICS This
PSD 2017 work PSD 2017 work PSD 2017 work PSD 2017 work
0.015 | 1.2708 1.2705 1.2729 | 1.6691 1.6683 1.6744 1.9108 1.9096 1.9180 2.6201 2.6177 2.6317
0.1 5.3381 5.3365 5.3312 | 89.6972 89.5769  89.5267 | 551.7521  550.5560 548.7464 | 60337.2317 60070.6000 58189.1673
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02 | 34601 34601 3.4714 | 515413 51.5400 51.9123 | 298.7471 2987350 303.3430 | 19721.7098  19720.1000  21410.9834
15 |2.0024 20025 20007 | 8.0396 80400 8.0266 | 18.4882 184891  18.4502 | 108.2787  108.2820  107.8566
3 | 17463 17464 17468 | 50025 5.0026 50040 | 9.3736  9.3738  9.3738 37.9086 37.9092 37.8260
15 | 12752 12752 12752 | 21397  2.1397 21395 | 3.0653  3.0653  3.0652 7.9250 7.9248 7.9268
E,\'}lfs))’ EABF for 1 mfp EABF for 5 mfp EABF for 10 mfp EABF for 40 mfp
0.015 | 1.4443 14442 14308 | 2.2362 22357 22196 | 2.7882 27875  2.7607 4.6767 4.6749 45985
01 |61872 61882 6.1882 | 146.0108 146.0500 146.7632 | 1152.5615 1152.9800 1159.4548 | 208977.6072 209124.0000 204136.5642
02 |37711 37711 3.7759 | 720774 72.0744 72.0285 | 502.3245 502.2900 501.0687 | 48246.3886  48240.4000  47726.6145
15 |20578 20579 20563 | 8.7816  8.7823 87531 | 20.6700  20.6721 205497 | 1261588 1261770  123.8823
3 | 17769 17770 17777 51885 51890 51775 | 9.7418 97426  9.6777 39.0314 39.0337 37.6838
15 | 12836 12836 12831 | 21576  2.1577 21589 | 3.0696  3.0696  3.0790 7.7658 7.7657 7.9264
Tablo 5. Comparison of buildup factors from Phy-X/PSD, EPICS2017 and this work for Trivex
EBF for 1 mfp EBF for 5 mfp EBF for 10 mfp EBF for 40 mfp
'(5&6;3))’ Phy-X/ EPICS This | Phy-X/ EPICS  This Phy-X/  EPICS This Phy-X/ EPICS This
PSD 2017 work PSD 2017 work PSD 2017 work PSD 2017 work
0015 | 14443 1.4442 14398 | 22362 22357 22196 | 27882 27875  2.7607 46767 46749 45985
01 |61872 61882 6.1882 | 146.0108 146.0500 146.7632 | 1152.5615 1152.9800 1159.4548 | 208977.6072 209124.0000 204136.5642
02 |37711 37711 3.7759 | 72.0774 72.0744 72.0285 | 5023245 502.2000 5010687 | 48246.3886  48240.4000  47726.6145
15 |20578 20579 20563 | 8.7816  8.7823 87531 | 20.6700  20.6721 205497 | 1261588 1261770  123.8823
3 | 17769 17770 1.7777| 51885 51890 51775 | 9.7418 97426  9.6777 39.0314 39.0337 37.6838
15 | 12836 12836 12831 | 21576 21577 21589 | 3.0696  3.0696  3.0790 7.7658 7.7657 7.9264
'(E,\r}l‘{er\g/%’ EABF for 1 mfp EABF for 5 mfp EABF for 10 mfp EABF for 40 mfp
0015 | 14584 1.4582 14538 | 2.2567 22563 22357 | 28122 28115  2.7706 47291 47272 45525
01 |42714 42713 42682 | 78.8384 78.8426 78.8725 | 567.7329 567.8160 568.1815 | 975654832 97608.1000  97158.0623
02 |3.1825 31825 3.1764 | 44.1534 44.1532 44.1546 | 263.0272 263.0240 2632623 | 21207.7910  21206.9000 21144.1716
15 | 109366 19366 19388 | 7.4671  7.4671  7.4704 | 17.0071  17.0072 169911 | 1011113  101.1130  100.5558
3 | 17150 17150 17160 | 4.8122 48122 48064 | 89519 89518 89104 35.7384 35.7372 34.8036
15 | 12021 12022 12923 | 21965 21966 21979 | 31442 31443  3.1482 7.8822 7.8822 7.9302

3.1. The depence of buildup factors on Zeq

The Zq values for CR-39 and Trivex optical lenses are given in Tables 2, 3 and they indicate that Trivex had
lower values than CR-39. Although Z., depends on the incoming photon energy it differed for all materials,
because of the differences in the materials chemical structure. It is seen in Figure 2. (a-d) that the buildup factors
depend on the chemical composition. The fact that the Trivex had higher buildup factor values than CR-39 may
be associated with Trivex’s lower Z-element polymer structure. The size of the accumulation factors and their
dependence on Zeq vary depending on the energy region in question. Although the Zeq values for both optical lens
materials had small values in the low and high energy regions, they have high values in the medium energy region,
which can be explained by the dominance of the photon interaction process. Zeq has the maximum value in the
region dominated by Compton scattering as there is a strong dependence on Zeq in this energy region. Low Zeq
values occur because of the dominance of photoelectric interactions in the low energy region and pair production
interactions in the high energy region. It is seen from Figure 3 (a-d) that the buildup factors at 0.015 and 0.15 MeV
are inversely proportional to Zq for all determined mfps. The buildup factors of the lens materials at 1.5 and 15
MeV are nearly constant for all mfps, which indicates that the buildup factors are independent of Zeq and of the
chemical structure of the material.
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Figure 1. (a—b) Equivalent atomic humbers of the CR-39 and Trivex optical lenses with photon energy.

3.2. The depence of buildup factors on incident photon energy

It is seen that the EBF and EABF changes calculated for the CR-39 and Trivex optical lenses and given in
Table 2 and 3 are similar. In the low energy range, photoelectric is dominant, and in the high energy range, the
absorption of photons is more because the pair production is dominant. Thus, the lifetime of photons in optical
materials is short. This is Figure 2. When (a-d) is examined, it can be explained as the reason for the formation of
less buildup factor in low and high energy regions. In the intermediate energy region, since Compton scattering is
dominant, only the energies of the photons change and their lifetimes in the material are longer. This causes more
buildup factor in the material. Maximum buildup occurs in the intermediate energy range where scattering
increases [9]. Maximum buildup factor values for CR-39 and Trivex optical lens materials were approximately
58189 and 204136, respectively. In the intermediate energy values where Compton scattering is dominant, the

buildup factor values are independent of the chemical composition.
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Figure 2. (a—d) The buildup factors in the energy region 0.015-15 MeV at the 1-15 mfp for CR-39 and Trivex

optical lenses.
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3.3. The depence of buildup factors on penetration depth

The variation of mfp for CR-39 and Trivex optical lenses at some specific photon energies such as 0.015,
0.15, 1.5 and 15 MeV is given in Figure 3 (a—d) and Figure 4 (a—d). In general, an increase in buildup factors is
valid as increasing mfp values. This observation arises from the fact that the big mfp is proportional to the photon
scattering. Maximum buildup factors for the optical materials study range are from 41833-58189 to 99626-204136
for CR-39 and Trivex, respectively. The buildup factor results reveal that the EBF effect should be considered at
high penetration depths.
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Figure 3. (a—d) The exposure buildup factors in the energies 0.015,0.15,1.5 and 15 MeV at the 1-40 mfp for
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optical lenses.
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Figure 4. (a—d) The energy absorption buildup factors in the energies 0.015,0.15,1.5 and 15 MeV at the 1-40
mfp for CR-39 and Trivex optical lenses

The variation of the accumulation factors at 1 and 40 mfp for CR-39 and Trivex optical glasses is given in
Figure 5 (a-d). It is seen that the maximum EABF values are 5.196-41833 and 5.627-99626, respectively for CR-
39 and Trivex optical glasses at 1 and 40 mfp, and the maximum EBF values are 5.879-58189 and 7.405-204136,
respectively. Furthermore, CR-39 had lower buildup values, which indicate that CR-39 had a greater absorption
effect than scattering. Like the explanations given above, it is obvious that the accumulation effects are much
higher in the intermediate energy region, where Compton scattering is dominant and tended to decrease in the high
energy region at dominant pair production. The chemical composition of the investigated materials had no impact

on the accumulation factor values in the high-energy region.
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Figure 5. (a—d) The energy absorption buildup factors in the energy region 0.015-15 MeV at 1 and 40 mfp
for CR-39 and Trivex optical lenses

4, Conclusion

In the present study, the compatibility of the results is analysed by the buildup factor values that are obtained
from the XCOM and the EPICS2017 library and Phy-X/PSD software, which are frequently preferred in the
literature to determine radiation shielding features. It is found that the relative changes between the EP1CS2017
and Phy-X/PSD software and the results obtained in this study are 8% and 9%, respectively for the CR-39 and
Trivex optical lens, which indicate good agreement. Buildup factors (EBF and EABF) are important and required
for radiation shielding in healthcare physics, nuclear laboratories, and optics. Good radiation shielding
performance of the materials requires that the buildup factor values are small. In this respect, it is seen that the
radiation shielding performance of CR-39 had better shield features among the examined optical lens materials.
This is also a result of the CR-39 with higher Zq values. Figure 2 (a-d) indicates that the changes against the
photon energy and mfp values are similar. There is a significant difference between the values, because the energy
absorbed in the material is taken into account in the interaction of the material with the photon in EABF, and the
absorption in the air in EBF. Although there are similar variations in the graphs in terms of the dependence of the
buildup factors on incoming photon energy, namely mfp and Zeq, it is discussed in the text that different photon
interaction events are intense in the low, moderate, and high-energy regions of the buildup factors. Especially,
Figure 2 (a-d), presents that both buildup factors reach maximum values in the moderate-energy region, where
Compton scattering is dominant, and hence, supports the occurrence of multiple scattering in this region. It is
important to note that the buildup factor increases in the energy region that has the Compton Scattering, and photon
absorption is higher in the energy regions where photoelectric and pair production are dominant, and this causes
the buildup factor to have lower values. In addition, it was observed that the differences between increasing energy
and buildup factor values in CR-39 and Trivex optical lenses decreased significantly at 1.5 MeV (Figure 3c and
Figure 4c). This can be explained by the fact that the variation of the buildup factors with the depth of penetration
in this energy region is independent of the chemical composition of the material. After 1.5 MeV, it was observed
that the order of the buildup factor changed (Figure 3d and Figure 4d). This is a consequence of the reduced
probability of multiple scattering at higher penetration depths and the increased probability of the absorption effect.
Because the pair production event with an initial energy of 1.02 MeV becomes more dominant with increasing

energy.
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Abstract: This paper aims to design and implement an indoor localization method for mobile robots based on trilateration
technique, Color Code signatures (CCs) as artificial passive beacons, and a depth camera. The artificial passive beacons are
designed as three disks positioned one on top of the other’s with different sizes and colors (primary colors only, RGB). The
three disks share the same center. The designed beacons are placed on the ceiling to be visible from most locations within the
room. The robot's model, controller, and localization method are implemented and evaluated inside the CoppeliaSim
environment. The simulation results show that the CCs detecting algorithm enables the robot to discover the designed beacons,
achieve an accurate localization and reach the target.

Keywords: Omnidirectional robot, localization, CoppeliaSim program, Trilateration.

Renk Kodlu isaretler ve Derinlik Kamerasi Kullanan Mobil Robot i¢ Mekan Lokalizasyonu

Oz: Bu makale, mobil robotlar icin trilaterasyon teknigine, yapay pasif isaretler olarak Renk Kodu imzalarma (CC'ler) ve bir
derinlik kamerasma dayali bir i¢ mekan lokalizasyon yontemi tasarlamay1 ve uygulamayir amaclamaktadir. Yapay pasif
isaretgiler, farkli boyut ve renklerde (yalnizca ana renkler, RGB) biri digerinin iizerine yerlestirilmis {i¢ disk olarak
tasarlanmustir. Ug disk ayn1 merkezi paylasir. Tasarlanan fenerler, oda igindeki gogu yerden goriilebilecek sekilde tavana
yerlestirilmistir. Robotun modeli, denetleyicisi ve yerellestirme yontemi CoppeliaSim ortaminda uygulanir ve degerlendirilir.
Simiilasyon sonuglari, CC'lerin tespit algoritmasinin robotun tasarlanan isaretleri kesfetmesini, dogru bir lokalizasyon elde
etmesini ve hedefe ulasmasini sagladigini gostermektedir.

Anahtar kelimeler: Omnidirectional robot, yerellestirme, CoppeliaSim programu, Trilaterasyon.
1. Introduction

Robotics is an interdisciplinary field that consists of the integration of computer science, electronics, artificial
intelligence, mechanics, and control. Mobile robots are the type of robots that can move around and are not fixed
in a single physical location [1]. Many studies deal with mobile robots and how they can move to achieve their
objectives in the real world without the need for humans. For the correct operation of mobile robots, several
technological areas and fields should be noted and integrated to understand the fundaments such as the locomotion
system and kinematics, perception system (sensors), localization system, and navigation system. All these systems
must be followed by a control system in order to make the mobile robot achieves its action or task in an intelligible
way [2]. Localization is considered one of the essential problems that mobile robots face. The best explanation of
the localization term is "the ability of the mobile robot to recognize its location within the environment." In other
words, the localization term refers to the position and orientation of a mobile robot within a specific location [3].
In order to solve the localization problem, there are different practical applications depending on passive or active
beacons. Beacons make the optimal localization operation easy. Despite, the artificial beacons are necessary to
achieve localization, the number of beacons that are placed in the environment is limited. For the previous reason,
a localization algorithm for mobile robots is used with specific placement and number of beacons [9]. The
trilateration method needs at least three beacons to be recognized at the same time, with the distance between them
and the robot to work[10]. Since advanced robots are still highly expensive and can be damaged in the workspace,
simulators are used to create virtual environments which have many advantages for robotics studies. The
CoppeliaSim software is one of the most widely used simulators today, and it deserves special attention. This
simulator is a scalable and flexible framework for creating 3D simulations in a short time. CoppeliaSim includes
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a large number of examples, robot models, sensors, and actuators, which can be used to build a virtual environment
and interact with it in real-time. To execute customized simulation experiments, new models can be built and
added to the CoppeliaSim program [8]. for these reasons, the CoppeliaSim simulation platform has been used.
Artificial landmarks are often installed at a predefined area of the robot's workspace. the robot needs sensors to
detect or measure the angle and distance to these landmarks. Measuring distance is simple for many sensors, such
as cameras or wireless devices [11].

Over the past years, a wide range of research has been explored, evaluated, and applied to mobile robots to
overcome the problem of localization. Chunag, L. [4] utilized RFID (Radio-Frequency ldentification) tags as
artificial landmarks to perform a mobile robot's localization approach. The RFID tags have been set in a well-
known area within the robot's workspace, and the robot's dual-antenna RFID reader has successfully
communicated with them. A similar technique was used by Chunag, L. [4] and Gueaieb et al. [5], although they
used a different strategy, placing the RFID tags on the ceiling. The main problem with this technology is that
exterior items (metal objects or even humans) affect indoor RF propagation; it is extremely sensitive to these items,
causing measurements to be changed. Various RFID tags also result in different behaviors. As a result, if this issue
is not fixed, the pre-calibrated system may be rendered unusable. As a result, infrared technology has been used
as beacons to lead the blind robot through an unfamiliar environment [5]. Huosheng Hu and Dongbing Gu [12]
made a study on artificial landmarks and laser scanners for localization. With six identically sized landmarks in
the environment, they utilized a 360° scanner laser with a range of 50m and a constant velocity of 2Hz. For
successful detection at large distances, the landmarks were made from a single strip and pre-stored in the memory.
These artificial landmarks can provide powerful signals back to the scanner. When the mobile robot moves on a
non-smooth floor surface. It causes the laser scanner to vibrate, resulting in incorrect readings. The infrared beam-
based mobile robot localization system was first presented in 1992. Mobile robot localization applications based
on infrared technology are also widely utilized for mobile localization. Before looking at how to use this
technology to locate a robot, it's necessary to understand that it's divided into two categories: active beacons and
passive beacons. Active beacons are those that produce infrared signals, whilst passive beacons are those that act
as reflectors [13]. Recently, in 2021 [6], the researchers used Landmarks Exploration Algorithm (LEA) for indoor
localization, which operates in two stages. In the first stage, the artificial color-coded landmarks (passive
cylindrical landmarks) are detected and their locations are stored. At the same time, an extended Kalman filter
(EKF) is used to update the robot's state. In the second stage, a proximity sensor is utilized to calculate the distance
to the detected CCLs and apply the trilateration method to localize the robot. In addition, they used the
CoppeliaSim environment connected with Matlab for the simulation.

The contributions of this paper include: i) unlike other methods, the approach in this paper uses passive
beacons of circular shapes, which do not require a power source and are easy to build and scale (more beacons can
be generated by increasing the number of rings forming them), ii) one sensor (depth camera) is all that is required
to accurately localize the robot in an indoor environment and iii) the effectiveness of the proposed localization
method is verified using the realistic CoppeliaSim robot simulator.

This paper is organized as follows: Section 2 illustrates the robot design in CoppeliaSim. Section 3 derives
the trilateration formula. Section 4 demonstrates the design and detection of the color-coded beacon. Section 5
shows the simulation results and briefly discusses them. Section 6 concludes the papers.

2. Kinematics Modelling of Three-Wheels Omnidirectional Robot in CoppeliaSim
The Omni-Wheels Robot building is done by adding two-cylinder shapes with a diameter of 0.14 m and
thickness of 0.005 m as the base of the Omni-Wheels Robot. Three Omni-wheels with a diameter of 0.0352 m and

120 degrees between each wheel joint are attached to the base. The distance between the center of the robot and
the center of each wheel is [ = 0.093 m. The final model of the Omni-Wheels robot is shown in Figure 1.
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Figure 1. Omnidirectional Robot Model.

The desired angular velocities (w4, w,, w3) of the robot wheels can be obtained by using the following equations:

_1
H l 1 l‘YR o)
V31 0
2

where r represents the radius of the wheels X, Yz and 6 represent the robot linear velocities along the robot Xg, Yr
axes and angular velocity around its Zg axis respectively. The wheels' motors are then programmed to track the
appropriate angular velocities using a low-level PI controller. The velocity equations are programmed by using
Lua in CoppeliaSim’s script.

3. Trilateration Technique

Basically, localization means that the robot has to determine its position and orientation in the environment[14].

The position will be estimated based on the concept of the trilateration method [7]. The trilateration technique can
be clearly shown in Figure 2.

- \/ \

‘“ Beacons Position
Omni-Robot

Position (X,Y) NS Distance between Beacons and robot

Figure 2. Trilateration technique.
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Considering the basic formula for the general equation of a circle which is shown in equation (2)
d2 — XZ + YZ (2)

where d is the radius of the circle, the equations of three circles centered at points (X, ,Y; ), (X, ,Y, ) and ( X3,¥3)
can be formed as shown in equations (3), (4), and (5) respectively:

df = (X —X)*+ (Y —1;)? 3)
di = (X —X;)? + (Y = Y,)? 4)
di = (X —X3)* + (Y — Y3)? 5)

The distances d,, d,, and d5 are known from the depth information of the camera. After the detection of the
beacons, their coordinates (X,,Y;), (X5, Y5) and (X3, Y3) with respect to the global frame are known, which are set
by the designer. Therefore, the two unknown variables (X, Y) which represents the point of intersection of the three
circles and the robot current position can be determined by solving the equations (3), (4), and (5) as follows:
After subtracting equation (4) from (3) we obtain:

—2XX; + 2XX, + X, — X% — 2YY, + 2YY, + ;% = Y,% = d? — d?

X(=2X, +2X,) + Y(=2Y, +2Y,) =d? —d2 — X, > + X,2 =V, + V,2
Let: A= —2X, +2X,,B=—-2Y;+2Y,and C =d? —d3 — X, + X,> -V, + 1,2
This yields a new equation:
AX+BY =C (6)
And by subtracting equation (5) from (4) the following equations are formed:

X(=2X, + 2X3) + Y(=2Y, + 2Y;) = d? — d3 — X,* + X352 — V,2 + V32
Where: D = —2X, + 2X3, E = =2Y, + 2Y3, F = d% — d? — X,° + X3* — Y,* + Y,?
A new equation is formed:
DX+EY=F ()
Then, by multiplying (6) with (E) and (7) with (B) the following equations have been obtained:
AEX + BEY = CE (8)

DBX + EBY = FB 9)

After subtracting (9) from (8) we obtain:

x = CE-FB (10)

~ AE-DB

by multiplying (6) with (D) and (7) with (A) we obtain:
ADX + BDY = CD (11)

DAX + EAY = FA (12)
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After subtracting (12) from (11) we obtain:

__ CD-FA
" DB-AE

(13)

The equations (10) and (13) are simply implemented in CoppeliaSim.
4. Artificial Passive Beacon Design

Practically, the vision sensor depends on the color's signature to detect the object. In the design of the beacon,
two or more colors' signature is placed together to form a color code signature (CCs). The design is based on the
combination of three disks with distinct sizes and colors (red, green, and blue only). The disks are placed on top
of each other and have the same center. As a result, twelve beacons can be generated. Table 1 shows three designed
shapes of the beacon and its codes. These artificial passive beacons are placed on the ceiling and used for indoor
localization.

Table 1. The designed shape of the beacon.

Color Tags Color Codes Beacons
Red-Green-Red 121

Red-Green-Blue 123 .

Red-Blue-Red 131 -

The designed beacon is placed on the ceiling with specific arranging that helps the vision sensor to detect at least
three beacons at the same time. Figure 3 illustrates the arrangement of the designed beacons on the ceiling.

5 seeadoane:

Figure 3. Beacons are set on the ceiling.

4.1. Color-coded beacon detection framework

The vision sensor in CoppeliaSim has built-in image processing filters. A combination of these filters is used
to detect the designed tag. As shown in Figure 4, three filters with appropriate parameters are used to detect only
the three primary colors (RGB) in the images and return binary images with ones in the pixels with red, green, and
blue colors and zero otherwise. After that, three filters are used to segment the images returned from the first three
filters. The goal of segmentation is to find the pixels with values of ones that are close to each other, Binary Large
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Object (BLOB)[15]. These filters eliminate the BLOBs with small sizes and also return the coordinates of the
center of each blob in the image coordinates in pixels. Each color code signature consists of three blobs of two or
three different colors that have the same center coordinates in the image coordinates.

The detection of the CCs beacon is as follows: Frist, the distance between a blob center of a certain color and every
other blob center of the same and different color is calculated using the distance formula between two points. If
this distance is less than a certain threshold then the three blobs belong to the same beacon. The process is repeated
until all tags are detected and recorded. Second, a color code is assigned to each beacon based on the sizes of the
blobs with the assumption that red = 1, green = 2, and blue = 3, see Table 1.

Image Processing and Triggering [ x |

Add filter: Original mage to work image hd

Filter components
Original image to work mage
Selective color on work image (double-cick to edit)
Blob detection on work image (double-cick to edit)
Original image to work image
Selective color on work image (double-dick to edit)
Blob detection on work image (double-click to edit)
Original image to work mage +
Selective color on work image (double-cick to edit)
Blob detection on work image (double-cick to edit)
Work image to output image

Figure 4. Blob detection of three colors (Red-Green-Blue).

5. Results and Discussion

The localization of the Omni-directional robot has been implemented using the simulation environment of
CoppeliaSim which is controlled via scripts written in Lua language. Twelve circular objects with RGB color are
used as beacons with a predefined position relative to the global frame. The scene in CoppeliaSim has a corridor
with dimensions (3x8x4) in meters. The Omni-wheels robot designed in section (2) is used. The vision sensor is
located on the top of the robot with a 60° FOV to detect at least three beacons at the same time. Two scenarios are
considered to show the effectiveness of the proposed localization method.

The first scenario is shown in Figure 5. The robot is located at point A, and the target is located at pose (x; =
—3m, y = 1 m,0; = —11.6°). In the first stage, the robot at point A starts rotating using the following control
law :

6 = kpo(6 — 0a) (14)

where 0 is the current robot orientation, 8, = atan2(y; — y,, x; — x,.), (O, %) and (y;, x;) is the Cartesian
coordinates for the robot and target positions respectively and the controller parameter k,o > 0. In the second
stage, trilateration equations (10) and (13) are applied to obtain the robot's position relative to the global frame.
The robot is then moved with a velocity Xgthat is calculated according to the equation:

Xz =Kpp cosa (15)

where Xy, is the desired speed of the robot (with the assumption of ¥; = 0), and controller parameter K, > 0, p =

\/(yt —y.)%+ (x, — x,)*and a = 0 due to the previous rotation by 6,. Finally, the robot is rotated to achieve the
desired orientation 6 using the control law (14) with 6, = 6, The results are shown in Table 2.
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EDU

Figure 5. The first scenario of the robot localization.

Table 2. The result of scenario 1.

Xacwal (M) Xy (M) Y Actual (M) Yi (M) Distance error (m)=
(Robot) (Robot) (Robot) (Robot) Target position — Robot position
A 0 0.08 0 0.02 3.16
B 1.227 1.209 0.413 0.404 1.88
Target 3 2.95 1 0.99 0.05

Figure 6 shows that The Omni-Wheels robot starts rotating from its initial orientation until reaching 8, with an
execution time of 4 seconds.

¥

Time graph | X/¥ graph

—— Target (Degrees)
—— Robot (Degress)

Time (saconds)

Figure 6. The orientation measurements.

Additionally, the (X,Y) coordinates of the robot from the initial position until reaching the target are shown in
Figure 7. The graph shows that the robot coordinates do not change for the first 4 sec due to the rotation of the
robot; after that, it can be seen that the robot (X,Y) coordinates change exponentially until reaching the target's
coordinates.
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Time graph | X/¥ graph Time graph | X/Ygraph
Oy 0y
\ —— Targe_Position(x) (Meters) \ Target_Position(Y) (Meters)
\
-0.5 | —— Robot_Position(x) (Meters) —— Robot_Position(Y) (Meters)
N\ -0.2
\
N\
-1 < \\
-0.4 >
15 \ AN
N \
AN
N 0.6 S
-2
<
2.5 i e 0.8
3 B —— El B ——
10 20 30 40 50 10 20 30 40 50

Time (seconds) Time (seconds)

Figure 7. The Omni-wheels robot coordinates.

In the second scenario, as shown in Figure 8, the target is located at the pose (x; =2m, y, = 1m, 8 =
176°). The robot starts rotating at point A and then the steps of the first scenario are repeated. The robot reaches
the target as demonstrated in Table 3.

| el | ;;ﬂ ,,ﬂ,r‘-‘f"’ == AQ" T Target l

Figure 8. The second scenario of the robot localization.

Table 3. The result of scenario 2.

Xacwa(M) — Xri(mM)  Yacwa(m) Yri(m) Distance error (m)=
(Robot)  (Robot) (Robot) (Robot) Target position — Robot position
A 0 0.039 0 0.019 2.192
B 0.693 0.673 0.339 0.329 1.487
C 1.295 1.288 0.637 0.633 0.801
Target 2 1.991 1 0.978 0.023

Figure 9 shows that The Omni-Wheels robot starts rotating from its initial orientation until reaching 8, with an
execution time of 5 seconds.
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Figure 9. The orientation measurements.

Additionally, the (X,Y) coordinates of the robot from the initial position until reaching the target are shown in
Figure 10. The graph shows that the robot coordinates do not change for the first 5 seconds due to the rotation of
the robot; after this time, it can be seen that the robot (X, Y) coordinates change exponentially until reaching the
target's coordinates.
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Figure 10. The Omni-wheels robot coordinates.

6. Conclusion

In this paper, the indoor localization of the Omni-wheels robot was simulated using the CoppeliaSim robot
simulator. The indoor localization of the robot was achieved by applying the trilateration method. This method
depends on identifying color-coded beacons to obtain their position with respect to the global frame and calculating
the distances between each beacon and the robot. These beacons have been designed in circular shapes so that the
detection of them can be done easily from any robot orientation. Two scenarios were examined to prove the
capability of the proposed method for robot indoor localization. In both scenarios, the simulation results show that
the robot rotates around itself to achieve the desired angle, then moves towards the target pose. The designed CCs
beacons have enabled the Omni-wheels robot to estimate its position and reach the desired target.
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Abstract: A means of transportation is the way in which an object, person, or service is transported from one place to another.
Rail transportation occupies an important place in terms of cost and reliability. Most train accidents are caused by faults in
railroad tracks. Detecting faults in railroad tracks is a difficult and time-consuming process compared to conventional methods.
In this study, an artificial intelligence based model is proposed that can detect faults in railroad tracks. The dataset used in the
study consists of defective and non-defective railroad images. The proposed model consists of foldable neural networks
developed using the Tensorflow library. Softmax method was used as a classifier. An overall accuracy of 92.21% was achieved
in the experiment.

Key words: Decision support systems, Deep learning, Rail fault detection, Artificial intelligence.

Tensorflow Kiitiiphanesi Kullamlarak Olusturulan Derin Ogrenme Modeli ile Demiryolu Hatt1
Goriintiilerinden Ariza Tespitinin Gerg¢eklestirilmesi

Oz: Ulasim araci, bir nesnenin, bireyin veya hizmetin bir yerden baska bir yere aktarilmasim saglayan vasitadir. Demiryolu
ulagimi maliyet ve giivenirlilik agisindan 6nemli bir yere sahiptir. Tren kazalarin ¢ogu demiryolu raylarinda meydana gelen
arizalardan kaynaklanmaktadir. Demiryolu hatlarindaki arizalarin tespiti geleneksel yontemlere gore zor ve zaman alict bir
stirectir. Bu ¢aligmada demiryolu hatlarinda meydana gelen arizalarin tespitini gergeklestirebilen yapay zeka tabanli bir model
onerilmistir. Caligmada kullanilan veri kiimesi arizali ve arizali olmayan ray goriintiilerinden olusmaktadir. Onerilen model
Tensorflow Kiitiiphanesi kullanilarak tasarlanmis evrigsimsel sinir aglarindan olugmaktadir. Simiflandirici olarak Softmax
yontemi kullanilmustir. Gergeklestirilen deneyde %92,21 genel dogruluk basarisi elde edilmistir.

Anahtar kelimeler: Karar destek sistemleri, Derin 6grenme, Ray ariza tespiti, Yapay zeka.
1. Introduction

Road transport is the preferred mode of transport compared to sea and air transport [1]. The transportation
sector directly affects factors such as the transportation of people and goods, the national and international
economy, the construction and development of residential areas, and the functioning and order of other sectors.
Developments in the transportation sector will also have a positive impact on the country's economy. Rail transport
occupies an important place in road transport. Compared to Turkey, rail transport enjoys more attention in
European countries. In our country, the share of passengers using railroads annually is about 1.1%, depending on
the type of transport, while the share of freight transport is 4.6% [2].

Most accidents that occur in rail transportation are due to undetected defects in the tracks [3]. It is important
to control reliability by considering rail transportation, scheduling, and economics [4]. Detecting faults in railroad
tracks is a costly and time-consuming task. Traditionally, fault detection has been performed by humans. Recently,
artificial intelligence-based technological infrastructure systems have come to the forefront to maximize fault
detection, reduce costs, and increase safety levels. With artificial intelligence, it is possible to quickly detect faults
on railroad tracks [5], [6]. Recently, many artificial intelligence-based studies have been conducted to detect faults
on railroad tracks. Some of these studies are:

Ya-Wen Lin et al. examined railroad link images and detected errors using their proposed Deep Learning
model. They created the dataset from the data captured by the GoPro device. Ya-Wen Lin et al. trained the dataset
with the Yolo-V3 model and then performed the fault detection with test images. Ya-Wen Lin et al. achieved a
success rate of 89% considering the precision metric in their studies. [7]. Yang et al. found that they could use
their proposed approach to proactively maintain faults that may occur on railroad lines.
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They used the ResNet model and fully foldable networks in their proposed approach. The analysis was
performed to detect the connection points and faults on the railroad lines. Yang et al. used two data sets in their
study. As a result of the analysis, they achieved success in the range of 74% to 91% considering the f-score metrics.
[8]. Hovad et al. used the Yolo-V3 model in experimental analyzes to detect defects by examining images of
railroad track fasteners. Considering the f-score criterion for detecting defective surfaces in the data set, they
achieved a success rate of 84% [9]. Sysyn et al. used image preprocessing and principal component analysis (TBA)
methods together to perform a contact fatigue analysis of railroad rails. Sysyn et al. processed the images
morphologically and then performed efficient feature selection among the features obtained from the images using
the PCA method. They showed that they could obtain accurate predictions of up to 11 meters in the surface images
in the regression processes they performed with the surface crack images. [10]. Rajagopa et al. used artificial
intelligence approaches to detect defects and cracks in railroad lines. Rajagopa et al. used the gray leveling matrix
(GLCM) and local binary patterns (LBP) as a preprocessing step and classified the obtained features using the
neural network model they developed. They achieved an overall accuracy of 94.9% in detecting defects in railroad
lines. [11].

In this paper, an artificial intelligence-based deep network model is developed that can detect faulty rails on
railroad tracks. In order to achieve successful results in the experimental analysis, a new convolutional neural
network (ESA) model was created by testing all neural network layers of the Tensorflow library. The summary of
the other parts of the paper is as follows: Information about the material and the proposed approach can be found
in Chapter 2, and information about the analysis of the experiments, the preferred parameters, and the hardware
information are described in Chapter 3. Information about the comparison of the study, the advantages and
disadvantages of the scientific research and the results are given in Chapters 4 and 5.

2. Method

This section provides detailed information about the data set used for the experimental analysis of the study
and the proposed approach.

2.1. Dataset

The dataset consists of railroad images forming the railroad lines. The dataset is public and consists of two
classes. The classes consist of defective and non-defective categories. The resolution of each image is not fixed
and the resolution ratio is generally of good quality. The image depth is 24 bits and the file extensions are JPG. In
the defective class include loose nuts, missing parts, missing fasteners, gaps in connection points, etc. Defects.
Figure 1 shows an example subset of images in the dataset. 191 of the dataset consist of defective images that
occur on railroad tracks, and 192 consist of non-defective images of rails. In total, there are 383 images. [12]. In
the dataset of this study, the data reserved for training, testing, and validation were combined into a single folder.
Then, 80% of the dataset was randomly assigned as training data and 20% as test data for analysis. To validate the
accuracy of the analysis result, the proposed approach was trained several times with the dataset and average
accuracy was obtained.

Figure 1. Dataset classes and sample images;
a) Non-defective images, b) Defective images
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2.2. Designed ESA Model

ESA models can be designed by software developers using open source codes to perform operations such as
regression, classification, species detection, abnormal region detection, and segmentation. Open source ESA
models are developed using various software languages (Python, MATLAB, R, Shell, etc.). [13]. Common layers
used in ESA models are convolutional layers, pooling layers, and fully connected (dense) layers. The convolution
layer allows the input image to be convolved by circulating it with the preferred filter parameter. In this way, filter
activation maps are created, which are circulated in each region. The activation maps are used to determine the
feature values of each region in the input data. [14]. Thanks to the pooling layer, the ESA model is guided through
a simpler training process. With the pooling layer, the size of the input data is reduced. In general, pooling layers
are used after convolution layers. [15]. The convolutional layer pooling layer can also be used continuously across
multiple layers. The dense/fully linked layer is used as the last layer of the ESA model. The dense layer collects
the features obtained from the previous layers in the form of a single row. To perform the classification/regression
function, which is the next step, it prepares the formation of probability values for each input data [16].

During training of the ESA model, parameters such as normalization and dropout can also be used to prevent
overlearning of the model. In addition, activation functions (ReLU, Sigmoid, tanh, etc.) are used to activate not all
features obtained from the layers, but the features that have a certain threshold value. While the activation features
facilitate the training of the model, they also contribute to the overall performance of the model [17].

Softmax method can be used as an activation function between layers of ESA models and is generally
preferred to perform the classification function after the dense layer of models. Softmax processes the input
features obtained from the dense layer and determines probability scores between 0 and 1 according to the class
types. In a final processing step, Softmax assigns the input data to the class type with the highest score [18].

The proposed approach was developed using the Tensorflow library and the input size was set to 300%300
pixels. The proposed approach includes convolutional layers, pooling layers, density layers and features. Softmax
method was used for image classification. In composing the model, the ADAM optimization method was preferred.
Detailed information about the layers and functions used in the proposed approach can be found in Table 1.

Table 1. Designed ESA model

Layer/Function Number of Input Channels Step Size/Value
Input - 300%300
Convolutional 256 3x3/150%150
RelLU
Maximum Pooling - 3x3
Convolutional 128 3x3/150%150

Normalization

ReLU
Average Pooling - 2%2
Convolutional 64 3x3/38x38

Normalization

RelLU
Average Pooling - 2%2
Dilution - 0,2
Convolutional 32 3x3/19x19

Normalization

RelLU
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Average Pooling - 2%2
Dilution - 0,25
Convolutional 16 3x3/10x10
RelLU
Average Pooling - 2x2
Dilution - 0,25
Dense
Softmax Output=2 (defective / non-defective)
3. Findings

The Jupyter Notebook interface was used for the experimental analysis of this study and the proposed
approach was created using the Google Collaboratory server. Hardware information of the computer used in the
study NVIDIA GeForce® RTX™ 3060 6GB graphics card, 11th generation Intel® Core™ 17 2.3GHz (24M cache,
up to 4.6GHz, 8 cores) processor and 16GB memory. The Python programming language was used in the
development of this approach. The most important reason why Google Colab servers are preferred is the ability to
use Tensor Processing Unit (TPU). TPUs are capable of processing faster than the graphics processing unit (GPU)
[19]. In performing the analysis, the TPU unit was preferred instead of the GPU. The value of the mini-batch
parameter, which allows the model to process the images simultaneously, was set to 4. [20]. The number of cycles
(epoch) 32 was preferred for training the dataset. Also, the early stop parameter was used to prevent overfitting
during model compilation [21]. The complexity matrix and metrics were used to measure the analysis of the
proposed approach. The formulas given between equation 1 and equation 4 were used to calculate the metrics.
True (T), false (F), positive (P), and negative (N) variables were used in the formulas. [22], [23]. In addition, the
Matthews correlation coefficient was preferred to compare the results of the analysis. Equation 5 was used to
calculate Matthews [24].

Sensitivity = p— (8]
Specificity = TN 2
X
F-score =—————— €))
ST,
Accuracy = ———— 4
TP+TN+FP+FN
Matthews = (TPXTN—FPXFN) )

J((TP+FP)X(TP+FN)X(TN+FP)X(TN+FN))
In the experimental analysis, 80% of the dataset was trained using the proposed approach as training data.

20% of the dataset was used as test data. The training time of the model was 5671 seconds. The graphs of the
overall accuracy of the training and test data are shown in Figure 2
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Figure 3. The training-test loss graph of the proposed approach

The result of the experimental analysis was an overall accuracy of 92.21%. The complexity matrix used to
calculate the measurement metrics is shown in Figure 4. The analysis results of the measurement metrics are
shown in Table 2.

Defective

Non-Defective

Defective Non-Defective
Figure 4. The complexity matrix obtained as a result of the experimental analysis
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Table 2. Experimental analysis results (%)

Dataset Types Sensitivity Specificity F-score Accuracy Matthews
Defective
& 95,12 88,89 92,86 92,21 84,41
Non defective

4. Discussion

The study proposed an artificial intelligence-based ESA model to prevent train accidents. The fact that this
study is designed with open source codes and end-to-end makes the original aspect of the study. In the proposed
approach, the analyzes were performed using TPU, which resulted in an increase in performance speed and time
saving. Moreover, the advantage of the proposed approach is that it provides a decision support system that avoids
wasting time in error detection and provides instantaneous results for multiple images. The disadvantages of this
study are that no preprocessing steps are applied to the input images, the number of images in the dataset is small,
and the hardware features are only used for a limited time (limit of free use of Google Colab, etc.). The analyzes
of this study were compared with similar studies in the literature and the results of the analysis are shown in Table
3.

Table 3. Comparison of this study with similar studies in the literatiire

Article Year Model Accuracy (%)
Ya-Wen Lin vd. [7] 2019 Yolo-V3 89
Hovad vd. [9] 2021 Yolo-V3 84
Rajagopa vd. [11] 2018 GLCM, LBP, ESA 94,9
This study 2022 Designed ESA 92,21

Ya-Wen Lin et al. and Hovad et al. used the Yolo-V3 model in their work. It was found that the Yolo-V3
model used in both studies limited success. Preprocessing steps (image enhancement techniques, feature extraction
methods, etc.) could be preferred to increase the success of the analysis results. Indeed, Rajagopa et al. observed
that they were able to increase the overall success thanks to the preprocessing steps (GLCM, LBP) they used in
their studies.

5. Conclusion

Troubleshooting railroad lines is a difficult and time-consuming process. Troubleshooting with conventional
methods prolongs this process. With models based on artificial intelligence, the detection of defective rails on
railroad lines can be easier and faster than with conventional methods. Defects that occur on rails account for the
largest share of train accidents. To prevent train accidents, an artificial intelligence-based ESA model is proposed
in this study. In the study of the analysis results obtained by the proposed approach, the success in sensitivity was
95.12%, in specificity 88.89%, in f-score 92.86% and in Matthews 84.41%. The approach proposed in the next
study is developed using preprocessing steps (noise removal, segmentation, resolution enhancement techniques).
The features obtained from the developed ESA model are transferred to the classification process using feature
selection techniques. Thus, they contribute to the performance of the model. Moreover, the analysis of the ESA
model to be developed is performed using freely available datasets.
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Abstract: The demand of fossil fuel vehicles has decreased due to carbon emissions. Recently, electric vehicles (EV) with
electric motor propulsion have got attention due to their zero carbon emissions and high efficiency. In this study, an outer rotor
in-wheel switched reluctance motor (IWSRM) with 18 poles on the stator and 24 poles on the rotor, designed for the propulsion
of electric vehicles, is investigated in two-dimensional Finite Element Method (FEM). The magnetic field distributions of
IWSRM for different rotor positions at nominal current are obtained. Then, the torque and phase inductance are calculated. As
a result, the designed outer rotor IWSRM provided low torque ripple.

Key words: In-Wheel Switched Reluctance Motor, Finite Element Method, Electric Vehicle.

Elektrikli Araclar icin Rotoru Dista Tekerlek ici bir Anahtarlamah Reliiktans Motorun Sonlu Elemanlar
Yénteminde incelenmesi

Oz: Karbon salmimlar1 nedeniyle fosil yakitli araglara ilgi azalmaktadir. Sifir karbon salmimlari ve yiiksek verimleri nedeniyle
son zamanlarda elektrik motoru tahrikli araclar giindeme gelmistir. Bu ¢alismada, elektrikli araglarin tahriki i¢in tasarlanmis,
statorunda 18 kutup ve rotorunda 24 kutup olan rotoru digta tekerlek i¢i bir anahtarlamali relitktans motor (TARM), iki boyutlu
Sonlu Elemanlar Yonteminde (SEY) incelenmistir. Nominal akimda farkli rotor konumlar1 i¢in TARM’1n alan dagilimlar1 elde
edilmis, irettigi nominal moment hesaplanmis ve endiiktans egrisi ¢ikarilmistir. SEY analiz sonucunda, incelenen TARM’de
diisiik moment dalgalanmasi elde edilmistir.

Anahtar kelimeler: Tekerlek I¢i Anahtarlamali Reliiktans Motor, Sonlu Elemanlar Yontemi, Elektrikli Arag.
1. Introduction

Recently, interest regarding electric vehicles has raised because of their higher efficiency, zero carbon
emission, noiseless operation and low cost compared to internal combustion engines [1-2]. In addition, electric
vehicles with in-wheel electric motors do not need gears and transmission parts, which gives these vehicles an
additional advantage.

In electric vehicles, permanent magnet synchronous motor (PMSM), induction motor (IM) and switched
reluctance motor (SRM) are used as propulsion motors [3-4]. These motors have some advantages and
disadvantages in terms of cost, losses, and efficiency. Although the PMSM is a highly efficient motor, it is the
most expensive electric motor due to the magnets used in its rotor. However, these magnets are not used in the IM
and SRM, so the cost of the IM and SRM are lower than PMSM. Compared to SRM, which does not have winding
on the rotor, the losses in IM are high due to the conductors in the rotor. Therefore, SRM is a motor with the lowest
cost with its simple and rugged motor structure, invulnerability to harsh operating conditions, robust rotor, low
maintenance cost and decreased losses. In addition, SRMs have salient pole structure in stator and rotor facilitating
the cooling of the heat generated due to losses [5-12].

To generate larger torque values, the SRM is operated at high magnetic saturation. Therefore, the nonlinear
magnetization curve of the iron sheet used in the stator and rotor should be considered when the magnetic field
distribution of the SRM is obtained. It is easier to assemble the outer rotor in-wheel switched reluctance motor
(IWSRM) to the wheel rim, and then the torque produced is greater than the conventional SRM [6]. For solving
these magnetic problems, FEM, a computer-aided numerical method, is a suitable method.

In the SRM for a continuous rotational motion, the current flows through the phases sequentially. In other
words, the torque produced by the SRM is equal to the sum of the torques sequentially produced by the phases.
The torque produced by a phase at constant current is a curve varying from zero to maximum depending on the
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position. This causes a ripple in the total torque produced. The torque ripple causes acoustic noises in SRM [13-
18].

In the literature, different IWSRM models designed for electric vehicles have been emphasized. In [2], a
IWSRM model with double teeth per pole on a 6/16 pole stator is examined. In [5], the design of an 18/12 pole
IWSRM is best done using a Pareto-based multi-objective differential evolution algorithm. In [7], a new 18/12
pole IWSRM for electric vehicle is designed, FEM analysis and control are performed. In [9], an 8/6 pole IWSRM
is designed using multi-objective optimization.

In this study, the magnetic field distribution, torque, and inductance variations of outer rotor IWSRM are
calculated from two-dimensional FEM for electric vehicles.

2. Outer Rotor in Wheel Switched Reluctance Motor

Unlike the conventional SRM motor structure, the rotor is outside, and the stator is inside in an outer rotor in
wheel SRM. The cross-sectional view of the 18/24-pole IWSRM is shown in Figure 1. In addition, stator and rotor
outer diameters and other pole length dimensions are shown in Figure 2. Furthermore, all other motor dimensions
are given in Table 1.

Figure 1. The cross-sectional view of outer rotor IWSRM.

For constant current, the torque produced in one phase of the SRM can be calculated from the equation (1) [12].

W,

T, = 20 €Y)

Where, T,, W,, and 6 denote electromagnetic torque, co-energy, and rotor position, respectively. The total torque
produced in SRM is equal to the sum of the torques produced by the individual phases. The total torque for a three-
phase SRM can be written as in equation (2).

T, = Ta(e' ia) + Ty (91 ib) + Tc(e' ic) (2)

Here, T; the total torque, T,, T}, and T, represent the torque produced in phases a, b, and c, respectively.
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Figure 2. The representation of some dimensions of IWSRM on a quarter view.

Table 1. Parameters of outer rotor in-wheel switched reluctance motor.

Parameter Value
Number of stator poles (Ns) 18
Number of rotor poles (N;) 24
Rotor outer diameter (mm) 350
Stator outer diameter (mm) 273.8
Package length (mm) 55
Air gap (mm) 0.5
Shaft diameter (mm) 60
Stator pole arc (degree) 8
Rotor pole arc (degree) 7
Stator pole width (mm) 19.03
Rotor pole width (mm) 16
Stator pole height (mm) 56.64
Rotor pole height (mm) 18.63

3. Finite Element Method Analysis of Outer Rotor IWSRM and Results

In the Finite Element Method, the geometry of outer rotor IWSRM, stator, rotor and air gap are divided into
small triangular elements, as shown in Figure 3 [17]. To minimize the amount of error and to calculate accurate
results, the air gap region between the stator and the rotor, where there is a large change in magnetic parameters,
is divided into smaller triangular elements in as four layers as shown in Figure 4. The air region outside the IWSRM
is meshed with larger triangular elements. A zero-vector potential is defined at the boundary of the region of
solution. A current density of J=21161876 A/m? is applied to the windings on six poles forming a phase for a
nominal current of 75 A. Steel 1008 sheet is chosen for the stator and rotor iron sheets.

The rotor position is rotated one degree from the aligned to the unaligned position, and the magnetic field
distribution for the IWSRM is obtained for each rotor position, and the produced torque and phase inductance are
calculated for a single phase. The air gap magnetic field distribution is given in Figure 5 for the rotor position
0=>5°. The magnetic field distributions obtained from the two-dimensional FEM are shown in Figure 6 (a) and (b)
for rotor positions 6=0° and 6=5°, respectively. The graph of the torque produced in one phase depending on the
rotor position at the nominal current is shown in Figure 7 and the graph of inductance is shown in Figure 8.
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Figure 4. The meshed of air gap between stator and rotor in outer rotor IWSRM.

Figure 5. The magnetic field distribution in air gap region for 6=5° rotor position.
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Figure 6. Magnetic field distributions for different rotor positions (a) 6=0°, (b) 6=5°.
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Figure 7. The graph of the torque generated by a phase at the nominal current depending on the rotor position.
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Figure 9. The graph of phase torques and total torque with respect to the rotor position at the nominal current.
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Figure 10. The graph of torque ripple with respect to the rotor position at the nominal current.

In outer rotor IWSRM, the torques separately produced by phases a, b and ¢ depending on the rotor position

at the nominal current, and the total torque produced are displayed in Figure 9. In addition, the percentage ripple
in the total torque is given in figure 10.
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In designing of outer rotor IWSRM models, the low torque ripple is desired for smooth speed response. For
example, in the SRM model with 18 poles on the stator and 12 poles on the rotor, designed for hybrid electric
vehicles in a study [10], the torque ripple varies between +36% for square wave current. In this study, the
investigated the outer rotor IWSRM model with the 18/24 poles, the torque ripple is £25% for square wave current.
Therefore, the investigated the outer rotor IWSRM model has +11% lower torque ripple than the 18/12 pole SRM
model in [10]. Radial forces cause acoustic noises in the outer rotor IWSRM. Another source of acoustic noise is
torque ripple. When torque ripple is reduced, the acoustic noise will be lower at the same rate due to the torque

ripple.

4. Mathematical Model of Outer Rotor IWSRM and Simulation Results

If the mutual inductance between phases is neglected, the voltage can be written for a phase of the outer rotor
IWSRM in equation (3) [12-13].

d(6,1)

v=1IR +
! dt

(3)

Where v is the phase voltage, R is the phase resistance, i is the phase current, ¥ is the magnetic flux and € is
the rotor position. If the relation i = iL is used for the magnetic flux, the voltage of a phase becomes as equation

(4).

di dL(6,i)
d

U=iR+L(9,i) t+ime (4)

Where w,, is the rotor angular velocity and L is the phase inductance. The torque induced in the rotor can be
calculated from equation (5).

1 _dL(6D)
— 32
Te =548

(5)

Where T, is the torque induced in the rotor. The mechanical motion equation of the outer rotor IWSRM is given
in equation (6).

dw,,
Te=1W+me+ TL (6)

Where, J is the moment of inertia, B is the friction coefficient and T}, is the load torque.
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Figure 11. Matlab/Simulink model of the outer rotor IWSRM.
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The dynamic model of the outer rotor IWSRM prepared in Matlab Simulink software is shown in Figure 11.
The simulation model parameters and values of the outer rotor IWSRM are given in Table 2. The simulation results
of the outer rotor IWSRM are given in Figure 12 for speed, torque, and phase currents under T =80 Nm load
torque at n=200 rpm reference speed. Proportional integral (PI) controller is used for speed and current control of
the outer rotor IWSRM. When the speed graph is examined, the outer rotor IWSRM rotor speed reaches the
reference speed in a short time and catches the steady state with a small oscillation. When the outer rotor IWSRM
is started, the phase currents take large values. After the outer rotor IWSRM is started, phase currents decrease to
normal values. Likewise, the torque ripple produced in the rotor during starting is high. When the rotor speed
reaches the reference speed, the torque graph becomes smooth.
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Figure 12. Simulation results for ne=200 rpm reference speed, and T, =80 Nm load torque (a) Rotor speed, (b)
Torque, (c) Phase currents.
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Table 2. Simulation parameters of the outer rotor IWSRM.

Parameter Value

DC bus voltage 300 V

A phase resistance (R) 05Q

Friction factor (B) 0.0055 Nm/(rad/s)
Inertia of rotor (J) 0.0593 Kg.m?
Proportional coefficient (Kp) 30

Integral coefficient (Kj) 0.5

Load torque (T.) 80 Nm

5. Conclusion

In this study, outer rotor in wheel switched reluctance motor with 18 poles in its stator and 24 poles in its

rotor designed for electric vehicles is investigated using FEM under nonlinear magnetic conditions. In outer rotor
IWSRM, a phase is formed by simultaneously exciting the windings on six opposite poles in the stator. Thus, the
outer rotor IWSRM converter is simpler and produces larger torques by using fewer solid-state switches. At the
nominal current, the magnetic field distribution of the outer rotor IWSRM is obtained by rotating the rotor at an
angle of each one degree. In addition, a phase inductance, torque, and total torque are calculated at the nominal
current. As a result, low torque ripple is obtained in the investigated model of outer rotor IWSRM.
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Abstract: Narrowband localization of point-like nonlinear scatterers in a homogeneous background medium is investigated.
A theoretical framework is provided based on Multiple Signal Classification (MUSIC) imaging, formerly developed for time-
reversal imaging of point-like targets in cluttered environment. Numerical simulations are provided to assist in understanding
the relations between various aspects of the imaging method. Numerical evidence shows that for the same signal to noise ratio,
higher order harmonics (second and third harmonics) resulting from nonlinear scattering, have better imaging resolutions
compared to the fundamental harmonic corresponding to linear scattering.

Key words: Harmonic radar, nonlinear target, microwave imaging, MUSIC.

Lineer Olmayan Noktasalims1 Sa¢icilarin MUSIC Tabanh Mikrodalga Goriintiilemesi

Oz: Homojen ortamda lineer olmayan noktasalims: sacicilarin darbant lokalizasyonu incelenmistir. Noktasalims1 hedeflerin
parazit yankili ortamda zaman evirme (time reversal) goriintiilenmesi igin daha once gelistirilmis olan Multiple Signal
Classification (MUSIC) goriintiilemesine dayali teorik g¢ergeve sunulmustur. Goriintiilleme metodunun muhtelif yonleri
arasindaki iliskilerin anlasilmasi i¢in sayisal benzetimler verilmistir. Sayisal sonuglar, ayni sinyal-giiriiltii oran1 i¢in lineer
olmayan sagilmadan kaynaklanan yiiksek mertebeden harmoniklerin (ikinci ve ti¢iincii harmonikler), lineer sagilmaya tekabul
eden temel harmonige nisbetle daha iyi gorlintiileme ¢oziiniirliigiine sahip olduklarini gostermektedir.

Anahtar kelimeler: Harmonik radar, lineer olmayan hedef, mikrodalga goriintiileme, MUSIC.
1. Introduction

Harmonic radars have received considerable attention in recent years mainly due to their inherent clutter
rejecting nature. Harmonic radars using passive transponders/tags have been proposed for diverse applications
such as tracking [1,2], monitoring of vital signs [3], search and rescue of people under distress [4,5] and in standoff
measurement of temperature [6]. Recent advances on harmonic tag applications can be found in [7]. Another very
important application of harmonic radars is the detection of concealed electronics [8,9]. Most of the above
applications require localization of these harmonic generating tags or devices. Two imaging based localization
strategies of nonlinear targets have been proposed in the past. Both are broadband systems operating in stepped
frequency mode. The first system based on synthetic aperture radar (SAR) processing was proposed for two-
dimensional localization of stationary nonlinear scatterers [10]. With later improvements the system was modified
to locate and also estimate the speed of moving nonlinear scatterers [11]. The second proposed system is based on
Robust Capon Beamforming with frequency smoothing and has improved imaging quality compared the former
SAR based system for stationary targets [12].

In contrast to the aforementioned imaging methods, this study focuses on narrowband and near field imaging
of point-like nonlinear targets/scatterers embedded in a homogeneous background medium. A MUSIC based
imaging method, which was originally proposed [13-15] as an alternative to conventional time-reversal imaging,
is adopted here. The time reversal matrix can be decomposed into a product of the multistatic response
matrix/transfer matrix (corresponding to a set linear targets and an associated transmit/receive array configuration)
and its Hermitian [16]. With this decomposition, Lev-Ari and Devaney [13], Devaney [14] and Devaney et al [15]
used the MUSIC framework to classify the singular system of the multistatic response matrix into its signal and
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noise subspaces and exploited the orthogonality of these subspaces to define a pseudo-spectrum that peaked at the
target locations. In this study, the multistatic response matrix, originally defined for linear scatterers, is generalized
for nonlinear scatterers to a set of multistatic response matrices and the MUSIC framework is similarly applied to
this new set of multistatic response matrices to image point-like nonlinear scatterers.

In the next section, the signal model for EM fields measured by an array of antenna elements is discussed,
followed by adaptation of the signal model to MUSIC based imaging. Numerical simulations are presented,
investigating important aspects of the MUSIC based imaging. A summary of the findings along with short
discussions is provided in the conclusion.

2. The Signal Model and MUSIC Imaging

Consider a collection of M nonlinear point-like scatterers embedded in a homogeneous background medium
with relative permittivity €,,,. We are interested in estimating the location of these scatterers by probing the
collection with time harmonic EM waves at frequency f (a time dependence of exp{—iwt} is assumed where w =
2xf) using a distributed system of N antennas operating both in transmit and receive modes i.e. transmitters and
receivers are collocated. In this study, it is assumed that M < N and multiple scattering between scatterers is
assumed to be negligible so that the results are valid to first order of scattering. Moreover, the problem is treated
in two dimensions for simplicity. The two-dimensional treatment is not a restriction, however, and generalization
of the following mathematical development to three dimensions is possible with some rigour. The problem
geometry is depicted in Figure 1 where the point-like scatterers correspond to infinite length lines aligned with z-
axis, having nonlinear scattering characteristics. Similarly, the system of RX/TX antennas is a uniform linear array
of line sources aligned with z-axis. The array axis runs parallel to the x-axis and is located in the region y < 0.
Array length is given by £ = Nd where N is the number of array elements and d is the array inter-element spacing.
The region of interest (ROI) is the region subject to imaging and is conservatively selected between [— £/2, L/2]
in the x-direction and between [0, £/2] in the y-direction. Also shown in the figure is a grid comprising the actual
pixels of the image. The grid spacings are A, and A,, along the x- and y-axis, respectively. These spacings do not
necessarily correspond to the imaging resolution to be discussed later. In two dimensions, the problem can be
treated with scalar formalism, so for the geometry considered here, the electric field normal to the xy-plane is
sufficient to completely determine the problem. Let the scalar quantity E (x,., x;) denote the electric field along z-
axis, received by the antenna at x, € {x;,---,xy} when the antenna (line source) at x, € {x;,---,xy} is in
transmission. This field can be expressed as the sum of all the harmonics generated by nonlinearity [9, 19] (the
DC component is suppressed):

Bt %0 8) = ) E™ (x,,2) ™" M
n=1
where
M
E™(x,,x,) ~ Z a6 (%, X, nw)G™ (X, Xy, @)D" )
m=1

is the electric field (z-axis) corresponding to the n’th harmonic scattered by M nonlinear particles, a,(,’:) is a

nonlinearity coefficient for the m’th particle corresponding to the n’th harmonic, b is the amplitude of the time
harmonic signal transmitted by the antenna (line source) and G (x, x’, w) is the two dimensional Green’s function
for a line source at x' and observation point at x. The Green’ function is given by G(x,x',w) =

(i/4)H(§1)(|x —x'| w«/Erb/C) where Hél)(-) is the Hankel function of the first kind and zero order. In deriving
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Figure 1. Geometry for imaging of point-like nonlinear scatterers. Red dots indicate the array of length L.

Equation 2, it is reasonably assumed that Q29*Y « Q24 and Q2 9™V*! « 029! for v q € N where QI =

|a,(,’f) G"™(x, X, w)b”|. We restate that the effect of multiple scattering between scatterers is neglected so that
Equation 2 is correct to first order of scattering.

When several elements transmit simultaneously, Equation 2 is modified and the expression for the field
corresponding to the n’th harmonic then becomes

n

M N
EM™(x,, %) = z a6 (x,, X, nw) Z b;G (%, % j, @)
m=1 j=1

where the N-tuple X, = (x4,---, xy) indicates that all N array elements are in transmission mode and b; is the
amplitude of the signal transmitted by the j’th transmitting element. One can expand the above expression as

M
E™(x,,%,) = E™ (x,,%,) + z ™G (x,, % n0)B (X, Xy
m=1
where
M N
EL(n)(xr,ic’t) = Z a,(,:l)G(xr,xm,nw) Z G™(xm, xt,j,w)bj"
m=1 j=1

and B(x,,, X;) contains all the remaining cross product terms. Changing the order of summation in the last
expression and making use of the definition in Equation 2, one has EL(”) (x,, %) = Z?’zl EM™ (xr,xj) suggesting
that E”(x,,%,) can be obtained as sum of the isolated measurements E®(x,,x;),j = 1,..,N, ie. the
measurement made when only the array element at x; is in transmission. Collecting the results of all N receivers

T
in a vector E™ = [E,En) (x,,%,), -, E™ (xy,%,)| where the superscript ‘T denotes the transpose, one has the
matrix expression
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E™ = gmpm @)

where b™ = [pZ}, -, b}]T and

M
K™ = Z K® @)
m=1

is the multistatic response matrix corresponding to the n’th harmonic, that maps the N dimensional complex space
toitselfi.e. K™: ¢V — ¢V Similarly, K™ is the multistatic response matrix for the m’th scatterer, corresponding
to the n’th harmonic. The elements of KE,’Z) are given as

[K‘,(r:;l)]l,] = a‘g:,l)G(xu xm! nw)Gn(xm’x]’ (U) (5)

Further defining the vector quantities

9, = [6 (%, Xy, 1), -+, G (X, Xy, n0)]T (6)
and
9 =[G (%1, Xy @), -, G™ (2, Xy )], @)

the multistatic response matrix can alternatively be expressed as:

KD =agM g™ ®)

Note that for the fundamental harmonic i.e. n = 1, g(l) ggl% so that the above expressions readily reduce to
those given in literature (e.g. [14]) for collocated transmitters and receivers. For the fundamental harmonic,

whenever [g(l)] gy = [g(l)] 9" = 8, Where &, is the Kronecker delta, the scatterers k and m are said

to be resolved [14]. This notion may be generalized to nonlinear scatterers such that nonlinear scatterers k and m

are said to be resolved at the n’th harmonic whenever [g(")] gﬁ'ﬁ,)l = 8, m- Hence, scatterers that are not resolved

at the fundamental harmonic may be resolved at a higher order harmonic. If all scatterers are resolvable at the n’th
harmonic then the explicit expression of Equation 4, given as (using Equation 8)

& ©)
K™ = Z «®g®[gm],
m=1

becomes the singular value decomposition (SVD) of K™ where a(")

corresponds to the singular value with left
and right singular vectors g(") and gg’l,)l , respectively. For particles that are non-resolvable at the n’th harmonic,

the multistatic response matrix bears an SVD as K™ = y™A®™ [V(”)]H where the superscript ‘H’ denotes the

Hermitian, A®™ isan N x N diagonal matrix of singular values o = .- = 60" > g, = .. = g{™ = 0 and
U® = [u™, .., ulP]and v® = [v{V, ..., v{P] are N x N orthonormal matrices with columns correspondlng to

the left and right singular vectors, respectlvely In this case however, the left and right singular vectors do not
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)

coincide with the vectors g and g’

tm

, ix g™ [a™1"
respectively. Yet, one observes that the matrix gy [g¢5,] of rank 1,

tm
(n)*
tm

maps the one dimensional subspace (a line) spanned by the vector g, - into the one dimensional subspace spanned

by the vector gﬁ",zl so that K™ is a one to one mapping from span{gg_’;), gg’}&} to span{gf_‘l), gi",‘},} As a

result, one has span{ggﬁ),...,ggfz} Qspan{vgn),...,vg,',l)} and span{gf_ll),...,ggl&} Qspan{ui"),...,ugl)}.

H
Since V™ is an orthogonal matrix, it follows that [vﬁ")] gg’:,)l =0fori=M+1,..,N ie. the null space of
K™ determined as span{v,(\ﬁl, v,(v")} is orthogonal to span{ggﬁ). gi’;}} Following [14], the location of
the nonlinear scatterers may now be determined by employing the MUSIC algorithm, implemented by defining

the steering vector g§“> (x) = [G™ (x4, x, ), -, G™(xy, x, w)]T and the pseudo-spectrum for the n’th harmonic
1

H N '
v |[”§n)] gﬁn) (x)l

p™(x) = (10)

On a finite grid, the pseudo-spectrum is a false image of the scattering potential over the grid (ROI) and its
value will peak at a pixel containing the scatterer since p™ (x = x,,,) = o for m = 1, ..., M. Note that alternative
pseudo spectra can also be defined using the left singular vectors as in [15,17,18] or using both left and right
singular vectors but these alternatives are not pursued in this study for conciseness.

2.1 Effect of Noise in Measurements

The effect of measurement noise has been neglected in the preceeding discussion. In reality, the multistatic
response matrix is constructed from noisy measurements of EE") . The measurement equation is of the form Eﬁ”) =
K®™p™ + n where n is a measurement noise vector of length N added to the relation in Equation 3. With noise
present, the noisy multistatic response matrix K is in general of full rank implying that ; > 0,Vi = 1, ..., N.
The addition of noise will perturb the singular system (u;, ;, v;), i = 1, ..., N, of K™ resulting in the new singular
system (i;, 6;, ;) for K™, In the nomenclature of MUSIC, S = span{¥,, ..., ¥} is known as the signal subspace
and V' = span{¥,,, ..., Uy} is known as the noise subspace. The signal and noise subspaces are again orthogonal
to each other but because the singular system (i;, 6;,7;) is perturbed from the original noise-free (u;, g;, v;)

system, the vectors gg’;)1 ,m=1,..., M, will have non-zero projections onto both subspaces. Moreover, because
M is not known a priori, the signal and noise subspaces must be identified by some appropriate means. Such a
distinction between signal and noise subspaces may be not even be possible if the signal to noise ratio (SNR) is

close to or less than unity. A common method for signal and noise subspace identification is to use a threshold

egf) such that singular vectors corresponding Ji(") > et(,’;) are designated the signal subspace and singular vectors

(

corresponding 6™ < e are designated the noise subspace [14]. Formally, one has S = {ﬁi | 6™ > egf)} and

N = {ﬁi | 5i(") < et(ﬁ)}. With the proviso that the signal and noise subspaces can be identified, a false image of
the scattering potential is constructed using the pseudo-spectrum

1

T N :
Zr;E”’EN “ﬁgn)] 9" (x)|

ﬁ(n) x) = (11)
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This pseudo-spectrum will peak at x = x,,,, k = 1,---, M, yielding the locations of isolated point-like nonlinear
scatterers. In the following, the quantity defined as 1™ (i, j) = 10 log (ﬁ(")(xi,yj)) will be designated as the
image corresponding to the n’th harmonic.

3. Numerical Simulations

In this section, the pseudo-spectrum defined in Equation 11, is applied to several imaging scenarios using
numerical simulations. Simulation geometry is depicted in Figure 1 with free space as the background medium
(&7 = 1). Throughout, the fundamental frequency is f = 2.4 GHz and only the first three harmonics, namely
f,2f and 3f, are considered. A grid spacing of A, = A,, = 4;/10 and an array inter-element distance of d = 1;/2
is assumed where A,, = ¢/nf is the wavelength of the n’th harmonic. This choice of d is made to prevent spatial
aliasing for all three harmonics. The array is also located at y = —d. Furthermore, additive Gaussian noise is
assumed for the simulations and SNR is defined with respect to the mean magnitude of the multistatic matrix
elements. For simplicity, the signal and noise subspaces will be determined directly by M.

In the first set of simulations, the number of scatterers M = 6 and the number of array elements N = 21. The
scattering potentials for the scatterers are selected conveniently as “r(:) =1form=1,.,Mandn =1,23.1In
Figure 2, the image I(¥, for the first (fundamental) harmonic is shown on the left for SNR = 10 dB (Figure 2a)
and on the right for SNR = 20 dB (Figure2b). These images are constructed assuming that M is known. The black
crosses in the images indicate the actual locations of the scatterers. It is seen in Figure 2a that long bright streaks
exist for 10 dB SNR. Although the streaks contain the scatterers, it is not possible to determine the actual number
and the locations of the scatterers. For the higher SNR of 20 dB, it is observed in Figure 2b that the bright streaks
have contracted considerably. The bright regions in the improved image facilitates identification of at least five
scatterers. The size of the bright regions also grows with distance from the array indicating increase in localization
uncertainty further away from the array.

The image 1, corresponding to the second harmonic, is shown in Figure 3a for SNR = 10 dB and in Figure
3b for SNR = 20 dB. In both figures, all six scatterers can be distinguished from 1®). Compared to Figure 2a of
1D with 10 dB SNR, I® with an SNR of 10 dB appears to have smaller uncertainty in locations of the three
scatterers the closest to the array. However, compared to Figure 2, the background intensity has increased toward

0.15 %
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Figure 2. First (fundamental) harmonic image (MUSIC pseudo-spectrum) of M = 6 nonlinear point-like
scatterers with N = 21 array elements for (a) SNR = 10 dB and (b) SNR = 20 dB.
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Figure 3. Second harmonic image of M = 6 nonlinear point-like scatterers with N = 21 array elements for (a)
SNR =10 dB and (b) SNR = 20 dB.

0.2

0.05

Ooo.aooooooooooooooo e ececcecscccssccccce
-0.2 -0.1 0 0.1 0.2 -0.2 -0.1 0 0.1 0.2
T x
(@) (b)

Figure 4. Third harmonic image of M = 6 nonlinear point-like scatterers with N = 21 array elements for (a)
SNR =10 dB and (b) SNR = 20 dB.

the top (far) end of the image, causing a decrease in contrast specially to the left of the image. The image I® in
Figure 3b corresponding the 20 dB SNR shows further improvement such that uncertainty has decreased
considerably for all scatterer locations. These two figures suggest that the second harmonic is more robust to
measurement noise compared to the fundamental harmonic.

The final image I®, corresponding to the third harmonic is shown in Figure 4a for SNR = 10 dB and in
Figure 4b for SNR = 20 dB. The most striking feature in the image of Figure 4a is the high background intensity
of the image and although the presence of the bright streaks near the top end of the image suggest the presence of
at least the three existing scatterers, it is not possible the determine the actual number of scatterers. Nevertheless,
the closest three scatterers to the array are clearly resolved with little uncertainty. This is an improvement compared
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to I™ for the same SNR. For SNR = 20 dB, it appears in Figure 4b that the third harmonic provides no further
improvement over I®® shown in Figure 3b.

The preceeding analysis instigates further investigation into the relation between resolution, noise and
harmonic order. Here, resolution is defined as the minimum distance between two scatterers such that the scatterers
are distinguishable. Resolution is related to the spread of the peaks (poles) of the pseudo-spectrum ™ (x) which
is regulated by the level of noise (SNR), the number of array elements N, and the wavelength of the harmonic. As
seen from the above figures (Figure 2 — Figure 4), resolution is also expected to be a function of distance from the
array degrading with increasing distance. Furthermore, it is also evident from the orientations of the streaks in the
figures (extending away from the array and almost normal to the array near the center) that resolutions along the
x- and y-axis are very different. To substantiate some of these arguments, consider the two scenarios with N =
21, where in the first scenario two scatterers are separated along the x-axis to investigate resolution along array
axis and in the second scenario two scatterers are separated along the y-axis to investigate resolution along the
normal to array axis. Specifically, in the first scenario the two scatterer locations coordinates are (— é;/2, h) and
(65/2,h), respectively, where §; = 4,/10 and h = 1,/4. In the second scenario, the two scatterer location
coordinates are (0, h — 85/2) and (0, h + &,/2), respectively. For the first scenario, the normalized (relative to its
maximum value) sample pseudo-spectrums 5™ (x) for n = 1,2,3, are plotted in Figure 5a along the line y = h.
Similarly, for the second scenario, the normalized sample 5™ (x) for n = 1,2,3, are plotted in Figure 5b along the
line x = 0. In both figures, an SNR of 20 dB is assumed for all harmonics. In Figure 5a, 5’ for the fundamental
harmonic (red line) cannot resolve the two scatterers while both 52 for the second harmonic (green line) and 5
for the third harmonic (blue line) can distinguish the two scatterers very close to their correct locations. Note also
that p® is sharper than 5® suggesting that higher harmonics have better resolution for h = A, /4. In the second
scenario on the other hand, it is observed from Figure 5b that the pseudo-spectrums for the first two harmonics
cannot resolve the scatterers while the third harmonic can resolve the two scatterers near their correct locations.
Also, the curves in the latter figure are not symmetric about the point y/A, = 0.25, because the left end of the
plots is closer to the array. Near the right end of the plots (further to the array), 5@ and p® are higher than 5

likely due to the relative decrease in the magnitude of the steering vector gﬁ")(x), appearing denominator in
Equation 11, with increasing distance away from the array. This phenomenon was observed in Figure 3b and
Figure 4b as the high background intensity in the images. The pseudo-spectrums in the second scenario are broader
than those of in first scenario, causing loss of resolution. This concludes that resolution is better along array axis.

- Normalized

p" (dB) - Normalized

p(n': (dB)

—n=1 -20 —n=1
-30 —i. D $=2
—n=23 —n=3
-35 -25
-0.15 -0.1  -0.05 0 0.05 0.1 0.15 01 015 02 025 03 035 04
/M y/M
(a) (b)

Figure 5. Normalized pseudo-spectrum for two nonlinear point-like scatterers along x-axis (a) and along y-
axis (b) for SNR = 20 dB and with N = 21 array elements.
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To further observe the effect of noise on resolution, the above two scenarios are repeated with an SNR of 10
dB. The pseudo-spectrums for the first scenario are plotted in Figure 6a and those for the second scenario are
plotted in Figure 6b. In contrast to Figure 5a, the green curve corresponding to 5 in Figure 6a can no longer
resolve the two scatterers along the x-axis. The blue curve corresponding to 5@ can still resolve the two scatterers
near their correct locations but the spread of peaks is now broader due to the adverse effect of noise. For the second
scenario, the plots in Figure 6b show that none of the harmonics can now resolve the two scatterers. The higher
values for the second and third harmonics near the right end of the plots are again indicative of the higher intensities
near the top end of the images in Figure 3a and Figure 4a. The conclusion is that noise causes broadening of the
peaks in the pseudo-spectrums. As can be observed in the behavior of 5® in Figure 5b and Figure 6b, this
broadening causes the peaks corresponding to two close scatterers to progressively overlap as SNR decreases.
Eventually, these peaks will merge into a single peak resulting in a decline in resolution.

For an array with fixed inter-element distance d, resolution for a given SNR can be improved by increasing
the number of array elements N, as a result of sharpening of the peaks with increased array length. This is
demonstrated using the normalized 5 (third harmonic) with SNR = 10 dB in Figure 7a for the first scenario and
in Figure 7b for the second scenario. In both figures, solid curves correspond to the case with N = 21 elements
and dashed curves correspond to the case with N = 101 elements. In Figure 7a, comparison of the two curves
clearly shows that the array with N = 101 elements produces a much sharper pseudo-spectrum at the scatterer
locations (poles) than the pseudo-spectrum with N = 21 elements. Similarly, it is seen in Figure 7b that while the
array with N = 21 elements is unable to resolve the two scatterers, the array with = 101 elements can resolve the
scatterers. The conclusion is that longer arrays with more elements can result in better resolution.

The effects of the SNR and the number of elements on resolution are summarized in Figure 8 for the first
scenario and in Figure 9 for the second scenario. Each curve in the figures corresponds to a single harmonic and
provides a relation between the SNR and the number of array elements N, required to resolve the two scatterers
with roughly 50% probability. The curves are generated by Monte-Carlo (MC) simulations with a total of Ny, =
1000 realizations for each harmonic. In each realization of a MC simulation corresponding to the n’th harmonic,

) s
D k]
B N
5 5
Z Z
5 5 15
z 25 B
- —n=1 20 —n=1
-30 n=2 ] =2
—n=3 —n=3
-35 - . -25 -
-0.15 -01 -0.05 0 005 01 0.15 01 015 02 025 03 035 04
.I?/)\l ]/,//\1
(a) (b)

Figure 6. Normalized pseudo-spectrum for two nonlinear point-like scatterers along x-axis (a) and along y-
axis (b) for SNR = 10 dB and with N = 21 array elements.
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Figure 7. Normalized pseudo-spectrum (3rd harmonic) for two nonlinear point-like scatterers along x-axis (a)
and along y-axis (b) for SNR = 10 dB with N = 21 (solid line) and N = 101 (dashed line) array elements.

a noisy sample of the multistatic response matrice K, is generated. The pseudo-spectrum ﬁ,(("), for the k’th
sample (k = 1, ..., Ny) is then computed and the number of peaks N;Zik_k, for the sample is estimated from ﬁ,ﬁ").
The expected number of scatterers is obtained by averaging NISZZk_k over all samples as szzc)lk =
(1/Nyc) Z’,:’ff Né’e‘ik‘k. Note that 1 < Né’;}lk < 2 and when Né’;;k ~ 1, the two scatterers are not resolved in
majority of the samples. In contrast, when IVIS") ~ 2, the two scatterers are resolved in majority of the samples.
The curves in the figures correspond to Né’e‘ik = 1.5, which indicates that the two targets are resolved in half of
the samples. Hence, further to the right of the curve for the n’th harmonic, it is very likely that the two scatterers
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Figure 8. Number of array elements required to resolve two scatterers (with 50% probability) displaced by

A,/10 along x-axis vs SNR. 74
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Figure 9. Number of array elements required to resolve two scatterers (with 50% probability) displaced by
A./10 along y-axis vs SNR.

# of array elements

are resolved and further to the left of the curve, it is very unlikely that the two scatterers are resolved by the n’th
harmonic.

In both figures, it is observed that irrespective of the harmonic order, more array elements are required to
resolve the two scatterers for lower SNR. However, the improvement from additional elements decreases with
increasing N as observed by the steep increase in the curves with decreasing SNR. Moreover, curves corresponding
to higher order harmonics are shifted further to the left indicating that higher order harmonics require fewer array
elements to resolve the scatterers for the same SNR. Finally, comparison of Figure 8 and Figure 9 shows that for
each harmonic, fewer number of array elements are required to resolve the two scatterers along the array axis. In
fact, it is seen in Figure 9 that below about 5 dB SNR, further increase in N has no effect on the resolution of the
third harmonic along the y-axis whereas N < 20 is sufficient for the third harmonic to resolve the two scatterers
along the x-axis even with SNRs as low as 0 dB. These observations indicate that the resolution along the array
axis is superior to that along the array normal.

4, Conclusions

A MUSIC based imaging, previously proposed for improving time-reversal imaging of point-like linear
scatterers, is adopted here for imaging of point-like nonlinear scatterers. Unlike previous broadband approaches to
localization of nonlinear scatterers, MUSIC based imaging offers a narrowband approach and is better suited for
near-field applications. The proposed imaging approach is formulated and simulated in two dimensions for a
homogeneous medium. The effect of multiple scattering is neglected which is a reasonable assumption when the
point-like scatterers are sufficiently separated. The effect is likely to be stronger in the simulations performed for
resolution analysis as the particles were in close proximity of one another. Nevertheless, the results are correct to
first order of scattering which accounts for the major effect.

Numerical results show that higher order harmonics can better identify the presence of scatterers and estimate
their locations. Higher order harmonics are also more robust to noise near the array of sensors. This is important
since the returned signals from the scatterers may be weaker for higher order harmonics. Resolution degrades with
distance from the array and also with decrease in SNR. On the other hand, resolution improves with harmonic
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order (demonstrated for the first three harmonics) and is also superior along the array axis. The number of array
elements plays an important role in resolving of the scatterers so that an array with few elements requires a large
SNR to resolve close scatterers whereas an array with many elements can resolve close scatterers with smaller
SNR. However, increasing array elements has the cost of dealing with larger multistatic response matrices
requiring more field measurements (increasing as N2). Beyond some trade-off value, increasing the number of
elements has a decreasing benefit not justifying the further increase in element number.

The narrowband nature of the of the proposed imaging method is an apparent advantage over the broadband
frequency sweeping systems used in [10-12]. But this advantage comes with the cost of increased system
complexity due to use all array elements in both transmit and receive modes as opposed to the single transmitting
element present in the previous studies. In spite of this drawback, the findings are promising for narrowband, near
field imaging of nonlinear scatterers. The current study will be extended to three-dimensional layered media in the
future along with experimental work to validate the results. An analysis along the lines of the work done by
Ciuonzo et al. [18] for the proposed imaging method is also essential to better gauge its noise performance.
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Abstract: The method is of great importance in systems that include machine learning and classification steps. As a result,
academics are constantly working to improve the process. However, the data pertaining to the methodology's performance is
equally as valuable as the methodology's creation. While the data is utilized to show the result of the modeling process, it is
critical to consider the proper labeling of the data, the technique of acquisition, and the volume. Obtaining data in certain
sectors, particularly medical fields, can be costly and time consuming. Thus, data augmenting via classical and synthetic
methods has recently gained popularity. Our study uses synthetic data augmentation since it is newer, more efficient, and
produces the desired effect. Our study's goal is to classify a data collection of lung sounds into four groups using data
augmenting. Obtaining and standardizing the wavelet scatter transformation of each cycle of lung sounds, splitting the
transformed data into test and training, augmenting and classifying the training data. In the augmenting stage, we utilized ELM-
AE, then ELM-W-AE, with six wavelet functions (Gaussian, Morlet, Mexican, Shannon, Meyer, Ggw) added. The SVM and
EBT classifiers improved performance by 4% and 3% in ELM-W-AE compared to the original structure.

Key words: Lung sound, wavelet scatter, data augmentation, ELM-Auto Encoder.

ELM- Dalgacik-AE Kullanilarak Veri Cogullama Tabanh Bir Akciger Sesleri Siniflama Sistemi

Oz: Makine &grenmesi ve smiflandirma adimlarim ieren sistemlerde yontem biiyiik 6nem arz etmektedir. Bu sebeple
aragtirmacilar genellikle yontemin iyilestirilmesi {izerinde ¢aligmalar yapmaktadir. Ancak metodolojinin gelistirilmesi kadar
performansii etkileyen veri de bir o kadar degerlidir. Veri, modelleme siirecinde sonucu gozler oniine serebilmek igin
kullanilirken; verinin dogru etiketlenmesi, elde edilme yontemi ve hacmi dikkat edilmesi gereken diger 6nemli noktalardir.
Medikal alanlar basta olmak {izere bazi alanlarda veri elde etmek maliyetli ve zor olabilmektedir. Bu sebeple klasik ve sentetik
yontemlerle veri ¢ogullama yaklagimlari son zamanlarda popiiler olmaya baslamistir. Sentetik veri ¢ogullama teknikleri daha
yeni, verimli ve istenebilen sonuca yonelik oldugundan ¢alismamizda tercih edilmistir. Caligmamizin amaci akciger seslerine
ait veri setini dort kategoride simiflandirirken segtigimiz veri cogullama ydnteminin basarimim géstermektir. Onerdigimiz
yontemin adimlart su sekildedir: akciger seslerine ait her bir saykilin Dalgacik sagilim doniisiimiinii elde edilmesi ve
normalizasyonu, doniisimden elde edilen verinin test ve egitim olarak boliinmesi, egitim i¢in ayrilan verinin ¢ogullanmasi ve
siniflandirilmasidir. Veri cogullama asamasinda Asirt Ogrenme Makinesi Oto Kodlayici (ELM-AE) ve sonrasinda bu modele
alt1 farkli dalgacik fonksiyonun (Gaussian, Morlet, Mexican, Shannon, Meyer, Ggw) eklenmesiyle ELM-W-AE yapisini
kullandik. Orijinal yapiya kiyasla siniflandirmada kullanilan SVM ve EBT siniflandiricilan igin ELM-W-AE’de sirasiyla
yaklasik %4 ve %3 oraninda basarim artig1 gézlemledik.

Anahtar kelimeler: Akciger sesleri, dalgacik sagilimi, veri cogullama, ELM-Oto Kodlayici
1. Introduction

Data is a critical structure that plays a critical part in the modelling phase and enables us to monitor the
outcome through system testing. While the volume and consistency of data collected throughout the process of
artificial intelligence impact the end, it also results in noticeable variances in the result step. However, approaches
such as Convolutional Neural Network (CNN) and (Long Short-term Memory) LSTM, which have lately gained
popularity, have been shown to improve performance as the amount of huge data in the system increases. When
the studies are examined, it is clear that the approaches prioritize modeling over data-driven approaches, and that
when the anticipated performance response is not obtained, the modeling is revised [1]. Data collection procedures
in a variety of fields, including engineering, medicine, and education, can be time consuming and costly. Recent
studies on data augmenting technologies come to mind at this time. Along with traditional data augmentation
techniques, new study topics have been identified for synthetic data augmentation techniques such as (Generative
Adversarial Network (GAN), AE (Auto Encoder) and Variational Auto Encoder (VAE) [2-5]. It has been
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demonstrated that better performance may be obtained by augmenting medical images and sounds when creating
decision support systems for time and cost savings [6-9].

Synthetic data augmenting is a more sophisticated and recent technique than traditional data augmenting.
There is research on the synthesis of AE using the Extreme Learning Machine (ELM) approach, one of the favored
methods for producing synthetic data [3, 7]. AE has become popular due to its efficiency compared to other data
duplication methods [2, 10]. On the other hand, the ELM paired with AE called ELM-AE is a single hidden layer
feedforward neural network and has been shown to be a high-performing model in numerous investigations. The
ELM-AE structure can be modified by altering the number of cells and activation functions in the hidden layer.
The issue of data quantity, which is particularly acute in deep architectures, was attempted to be investigated in
the categorization of lung disorders, the focus of this work.

Since lung disorders are the third leading cause of death worldwide, identification and follow-up are critical
[11]. Following the Covid-19 outbreak, a rise in lung illnesses has been observed [12]. As a result, professionals
should develop new approaches for characterizing these disorders. It is well established that lung sounds and their
features significantly influence the development of pulmonary disease [13]. Auscultation can be used to discern
between these sounds, which are roughly classified as normal and pathological [14]. However, classical
auscultation is not without faults, since it is highly dependent on the physician's skill, hearing capacity, expertise,
and experience [14, 15, 16].

The non-stationarity of lung sound waves is the primary element that challenges classic technique analysis
[17]. Lung sounds are deemed normal when they range between 100 and 1000Hz and lack prominent peaks on the
signal [18]. However, in the case of unusual (adventitious) breath sounds, the situation is reversed. These noises
contain additional sounds in addition to the typical sounds, and they are classified as continuous-discrete [19].
Wheeze refers to continuous sounds produced by the lungs; crackle refers to isolated sounds produced by the lungs.
Wheeze sounds, which contain a tonal structure, feature periodic waveforms with a frequency more than or equal
to 100Hz and duration greater than or equal to 100ms [18, 20]. Crackle, on the other hand, has a more complex
structure in terms of frequency content, although it runs in less than 20ms [21]. The diagnosis of asthma,
pneumonia, and bronchitis is guided by wheeze sounds, whereas crackling sounds are usually encountered in
cardiovascular illnesses [22]. Automatic recognition studies have risen to prominence in expert systems assessing
the amounts mentioned above, assisting in disease diagnosis and guiding disease interpretation.

When studies were analyzed, it was discovered that lung sounds were classified and substantial results were
discovered [23, 24, 25]. The time-frequency domain features of normal and abnormal sounds have been the focus
of studies analyzing normal and abnormal noises [26]. In numerous research, Mel frequency cepstral coefficients
(MFCC) and estimated entropy have been used [27]. Additionally, recent research using empirical mode
decomposition (EMD) and intrinsic mode functions (IMFs) demonstrate these methods' superior efficacy in
classifying lung sounds as normal-adventive [23, 25].

As indicated previously, another critical part of methodological preparation for lung sound analysis was the
data set. In terms of the debatability of the investigations, the ICHBI 2017 dataset was assessed, which included
studies with dual and multiple classifications [28]. When we consider the research that comprises various classes
of normal, wheeze, crackle, and both wheeze and crackle, we see that in the study [29], the objective was to convert
lung sound data into images using the short-term Fourier transform (STFT). Classification of signals extracted
from spectrogram images was performed using a pre-trained CNN. The study [13] began by converting the audio
signals in the dataset to spectrograms. Following that, a CNN model is suggested that tries to improve performance
by parallelizing the average pooling and maximum pooling layers. Linear Discriminant Analysis (LDA) and
Random Subspace Ensembles (RSE) were used to classify the deep features produced in this manner (71.15%). In
[22], lung sound signals were transformed to spectrogram pictures and five-fold augmentation was achieved
synthetically. It is stressed that the images fed into the multi-layered CNN model and the enhanced data have a
beneficial effect on performance. The study [30] used MFCC coefficients as features and tested binary and multi-
class classification using Artificial Neural Network (ANN), Random Forest (RF) and Support Vector Machine
(SVM). The study [20] feeds the radial-based SVM classifier with the features acquired using wavelet
decomposition and STFT.

This study aimed to investigate multi-class discrimination using lung sound signals. The following are the
study's contributions to the literature:

* In the feature extraction stage of lung sound analysis, the wavelet scatters transform method was used.

* The ICHBI data set is augmented with the ELM-AE.

» Comparison is accomplished through the use of numerous wavelet functions during augmenting.
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2. Categories of Lung Sounds

Fig. 1 shows the methodology that was developed. In begin, lung sound files were extracted from the 2017
ICBHI Respiratory Sound Database [28]. Table 1 contains the cycle details for this dataset, which contains 6898
cycles in total. These breath sounds were collected from various locations on the chest using various instruments.

Table 1. Class and cycle knowledge regarding the dataset

Class Cycles
Crackles 1864
Wheezes 886

Crackles+ wheezes 506
Normal 3642
Number of all 6898

-~ ~

—_— \ Train ELM-W-AE
Lung Sounds L (%70} ) (24115x30) c—y f Crackles
(6898 cycles) 2
5 ——»| whezees
'l‘ z-score =
#» ——» | Crackles+wheezes
Wavelet Scatter g
Transform e
L.
»~

(6898x80) Tost |
(%30) |

- ;

Fig.1. Flowchart of Methodology

2.1. Transform for Wavelet Scattering

Wavelet techniques, which are preferred for data representation and feature extraction, are advantageous
because they can be used in conjunction with a wide variety of classification algorithms [31]. Additionally, it is
one of the mathematical methods used when time-frequency domain feature extraction is insufficient for more
complex signal feature extraction [32]. The Wavelet Scattering Transform (WST) is a structure proposed by Mallat
that enables the generation of reliable features and their use in conjunction with a deep neural network structure
[31, 33]. The convolution, nonlinearity, and averaging steps illustrated in Fig. 2 describe the primary steps
involved in producing the wavelet scattering transform of the time series input signal. In this case, ¥; denotes the
wavelet function and ¢, denotes an average low-pass filter.

Convolution Non-linearity
(Wavelet ;) (Modulus)

Averaging
(low-pass filter)
x* Wy 2 * Wy

[x = W] * @y

Fig.2. Representation of the wavelet scattering transform process with an x input.

WST defines a deformation-resistant representation. WST has been demonstrated to be capable of extending
MFCC by processing modulation spectrum coefficients via wavelet convolutions and module operators [34].
Additionally, it has been demonstrated that WST outperforms MFCC for classification solutions with time scales
greater than 25ms in audio representations. Using a set of wavelet decomposition and modulus operators, the
scattering transform recovers information lost during Mel-frequency averaging. A wavelet transform is computed
using constant-Q filter banks. A wavelet ¢; is a low-pass filter with ¢ (0) equal to zero and is denoted by the
center frequency w in equation (1):
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Poli)z W (i), F u(s)= F ) (1)

The frequency of @ 's center has been normalized to 1 in this case. w = 2¥/? . Q denotes the octave wavelets.
@ isona Q 1-scale.

2.2. Synthetic data augmentation

In the study, WST was used to extract the features of the data in the ICHBI 2017 dataset. We applied data
augmentation to these image representations containing information from four classes in the training process.
Before we proceed with the steps, we utilized the z-score normalization (ZN), a straightforward feature-level
transformation that can provide an effective solution for normalization. More precisely, when we speak of ZN, we
subtract the mean of all components from each component and then divide by the standard deviation of all
components [35]. The ELM-AE structure was investigated in the first model. The wavelet functions were then
integrated into the designed structure to reveal the change. The abbreviation ELM-W-AE will be used to refer to
wavelet functions. This section will detail each stage.

ELM: Huang's ELM is described as a simple one-hidden-layer neural network model [36]. Due to the random
initialization of the input weights and single hidden layer thresholds, and the analytical calculation of the output

weights, the ELM has a high learning rate. {(x;, y,)|x; = [le,sz, ...,x]-n]T € R™ is the representation of the

y; = [yjl,yjz, ...,yjm]T € R™}L, input-output structure for training pairs when the size of the training dataset is
N, the number of input attributes is n, and the number of class labels is m.

f:lﬁif(Wi-xj + bi) =0, j=1...,N 2)

In equation (2), L denotes the number of hidden layer neurons, 8; = [Bi1, Biz, -, Bim )" denotes the weight
vector connecting the ith hidden node to the output node, f(-) indicates the activation function, w; =
[wi1, Wiz, ..., w;]T denotes the weight vector of the input layer, b; denotes the hidden layer thresholds, and
w;. x; denotes the values of w; and x;. It is used to denote the inner product of the output vector o;. Equation (2)
may not always produce the desired output o;, and this new output may produce the desired output y;, as illustrated
in (3).

zL=1ﬁif(Wi-xj + bi) =y, j=1...,N 3)

To optimize the performance of the Single Layer Feedforward Network (SLFN), the error should be
Y3 1]lo; = v;]| = 0 or less. Equation (3) can be expressed straightforwardly in the matrix form specified in
equation (4) [1].

Y = HB (4)
i [

y=|: B=]: (5)
y£ Nxm ﬂ; Lxm

where Y denotes the output vector, W denotes the weights of the output layer, and H represents the output layer
matrix in the equation (6). Calculate the output weights by solving the equation in (7).

fwi.xy +by) - f(wp.x; +by)

H = (6)

fwy.xy +by) - flwp.xy + b)),
Here, H is the H matrix's generalized Moore-Penrose inverse.

g = Hty (7)
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ELM-AE: The ELM-based Auto-Encoder (ELM-AE) is used to build an ELM-based multi-layer perceptron that is
capable of learning new data representations. In contrast to ELM, which is used for classification, ELM-AE aims
to minimize the reconstruction error associated with the input X. In other words, ELM-input AE's and output are
both X. As a result, the objective function of ELM-AE with L2 norm is as follows [37]:

min: ~[|B112 + C 21X — HI1? (8)
where C is the factor of regularization. Then the gradient of Eq. 9 in terms of S is,

-1
B = (g + HTH) HTX 9)

We obtain the optimal output weight S by setting the gradient to zero. The representation of the new data obtained
is shown as in the Eq. (10).

Xnew = G(XBT) (10)

where G is the function of activation. Notably, if the total number of hidden nodes in an ELM-based MLP is equal,
G should be a linear activation function [37].

ELM-W-AE: Wavelet theory is a field of study that includes critical and constructive, including mathematics,
physics, and engineering. The term "wavelet theory" translates as "little wave." In continuous form, the wavelet
transform behaves similarly to a spanning elastic time-frequency window. It is classified into two types: continuous
and discrete wavelet transforms. ELM is well-established as a superior method for learning Single Layer Feed-
Forward Networks when compared to traditional methods. However, with careful consideration of parameter
initialization and function selection, it is possible to achieve superior performance [38]. As stated in Eq.10, G,
Table 2 contains six kernel types suitable for use as wavelet activation functions.

Table 2. Wavelet activation functions and mathematical representations used in the study

Wavelet Kernel

Type Function
tZ
Morlet Y(t) = cos(1.75t)e"2)
Gaussi () =~ expD
aussian t)=——exp" 2
Y Nor p
i 2 (L t2
Mexican c= ﬁrr( DY) =c(1—t2)exp (7)
sint(t — 1/2) — sin2n(t — 1/2)
Shannon =
v w(t—1/2)
Meyer P(t) = 35t* — 84t5 + 70t° — 20t
GGW Y(t) = sin(3t) + sin(0.3t) + sin(0.03¢t)

2.3. Classifiers

The original and augmented data sets were evaluated on classifiers, and this part explains the two classifiers
that produced the best results.

SVM: Support Vector Machine (SVM) is a powerful technique for classifying data that works by creating a line
in the plane between the members of two groups. It is favorable in that it applies to both linear and nonlinear data,
has a high degree of precision, is capable of modeling complex decision boundaries, and works with many
independent variables.

Decision-making function for SVM; x; i is the data point, x, a test vector, a; is the Lagrangian multiplier
associated with the training example x;, y; is the class of data point i (-1 or +1), and with b being the bias value,
they are defined as[39,40]:
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f(x*) = Sign[zgil a; yi(p(x* ,xi ) + b] (11)

In the expression of the Quadratic (2nd order) optimization problem, p is the width of the separator between
the support vector classes, w is the normal of the multi-plane (weight vector), | w | w is the Euclidean
representation of w for each {(x;, y;)}:

It is maximized with p=2/ (IIWll). If y; = 1 then; wix; + b = 1. If y; = —1 isequal tow x; + b = —1.

EBT: The Ensemble Bagging Tree (EBT) classifier, which is a form of community learning, is intended to boost
success rates through collaborative classification techniques. Rather than using a single learner, a decision tree is
constructed using many copies of the primary learner's output, and the classifier output is coupled with the voting
method [41]. Bagging is a term that refers to a group of decision trees that is utilized in regression. Community
techniques employ numerous models to improve prediction performance by bagging together many lousy learner
results into a high-quality community predictor. Bagging a community of decision trees is a variance reduction
approach used to enhance decision trees' prediction performance. The bagged community power is calculated by
estimating out-of-bag observations for each tree and averaging them across the entire community. Each
observation's estimated out-of-bag response is compared to its actual value. The average out-of-bag error is
computed by comparing expected to actual responses for all observations utilized in education. The average error
extracted from this bag is a non-negative estimator of the genuine union error [42].

3. Experiments and Results

We present a series of experimental results relating to multi-class discrimination using lung sound signals in
this study. The classification results were validated using the architectures described in Section 2.3. The effects of
data augmentation were then analyzed using synthetic data augmentation methods. Synthetic data were generated
using the methods described in Section 2.2. Because the Mexican kernel type performed better in the ELM-W-AE
method during the experiments, the results were heavily weighted toward this section.

Table 3 compares the original, ELM-AE and ELM-W-AE results according to accuracy, specificity,
sensitivity, precision, F1, MCC, Kappa [43]. Using the WST method, features were extracted from lung sounds
(Crackle/ Whezees /Crackle+ Whezees / Normal) taken as 6898 cycles in four classes. 6898x80 features were
extracted as a result of feature extraction. After normalization with ZN, the obtained features were divided into
70% training and 30% testing using hold-out cross-validation. A feature vector from the training set was
augmented four times and formed into 5x80 dimensions using ELM-AE. A 24145x80 dimensional feature matrix
was created using this approach for training features. The test data was not intended to be included in the
augmented process, preventing memorization and ensuring the study's reliability. By testing synthetic lung data
for three distinct phases, we examined the effects of data augmentation. We first evaluated the classifiers on the
original images for the three major stages mentioned previously. In the second step, we created and analyzed
synthetic images with the specified ELM-AE structure. The final stage involved integrating the six wavelet kernel
listed in Table 2 into the ELM-W-AE structure and evaluating those using classifiers.

SVM and EBT methods were used to classify augmented training data and non-augmented test data, and the
results are summarized in Table 3. The study's summary diagram is shown in Fig. 1. When Table 3 is examined,
it is clear that the Mexican wavelet function provides the best performance. According to the classification of the
original data, it was observed that EBT improved performance by approximately 3% and SVM improved
performance by approximately 4.5 %. The complexity matrices for the original and Mexican wavelet functions are
shown in Figures 3-6 in light of these data. When wavelet functions are viewed in general, it is clear that they
perform better than the results obtained with the original data. Given the prevalence of lung diseases, it is clear
that this percentage increase is significant. The authors concluded that wavelet kernel functions are worth
experimenting with for this and similar classifications.
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Table 3. Performance comparison of wavelet functions on original, ELM-AE and ELM-W-AE structure

Category Method Accuracy Sensitivity  Specificity Precision F1 MCC Kappa
| EBT 69.599 52.446 85.947 68.675 0.565 0.462 0.189
Origina
g DVM 56.404 31.284 78.440 57.059 0.291 0.157 0.140
EBT 69.212 51.318 86.324 64.475 0.544 0.439 0.179
ELM-AE
DVM 59.981 37.673 81.214 52.318 0.382 0.247 0.063
EBT 70.130 54.357 86.514 67.645 0.581 0.474 0.203
Gaussian
DVM 59.884 37.400 80.966 51.589 0.381 0.245 0.065
Morl EBT 71.242 54.828 86.884 68.990 0.587 0.488 0.233
orlet
DVM 59.836 37.306 80.940 51.414 0.380 0.243 0.066
EBT 72.692 56.318 87.617 71.514 0.605 0.513 0.272
'gEJ Mexican
;. DVM 60.609 38.969 81.200 56.848 0.407 0.277 0.048
s EBT 69.357 50.862 85.915 65.721 0.544 0.441 0.183
— | Shannon
w DVM 55.582 30.319 78.003 47.320 0.280 0.137 0.156
EBT 70.420 53.705 86.807 65.667 0.569 0.465 0.211
Meyer
DVM 59.401 36.948 80.721 50.565 0.376 0.236 0.076
G EBT 70.904 55.978 87.052 68.783 0.597 0.493 0.224
W
g DVM 60.029 37.652 81.267 50.712 0.381 0.244 0.062
Original SVM Original EBT
C 198 1 359 1 C 350 8 198 3
» cw 36 1 114 1 ” Cc_W 33 35 65 19
8 8
O (@]
£ £
N 106 984 3 N 138 2 15
w 26 221 18 w 21 15 140 89
C cw N w C c_w N w

Predicted Class

Fig.3. The complexity matrix of classification with

SVM for th

e original data
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Augmented SVM Augmented EBT
C 233 6 319 2 C 377 7 168 8
Cc_w 44 12 88 7 c_w 42 49 51 9
4 13
L 8
o [$)
o ()
=] =3
= =
N 105 7 21 N 92 2 15
w 22 1 193 49 w 22 15 134 94
[¢] c_w N w [¢] c_W N w
Predicted Class Predicted Class
Fig.5. The complexity matrix of classification with Fig.6. Complexity matrix of classification with SVM for
SVM for data multiplexed with Mexican structure multiplexed with Mexican structure

3.1. Comparison with other studies

As mentioned previously, we performed classification using synthetic amplification. The ELM-W-AE
construct outperformed synthetic augmentation with ELM-AE alone. We compared our classification results for
synthetic augmentation to the state-of-the-art studies using our best result, ELM-Mexican-AE. We chose it as a
comparison because the studies we chose used the same dataset and classes. Table 4 compares the performance of
the aforementioned studies in terms of preprocessing, feature extraction, classification, and classification accuracy.

Table 4. Comparison of lung sounds with four classes (Normal, crackles, wheezes, crackles+wheezes) with
other studies

Feature Extraction and

Reference Pre-process Classification  Acc.

Method
resample to 4 KHz for
standardization of all signals, o
Ref[19] 12th order Butterworth band STFT, Q-factor wavelet SVM %54.15
pass filter
Band-pass filter in the
Ref[22] frequency range 150-250 Hz, Spectrogram CNN %64.50
FFT
Ref[29] - Deep Feature with CNN model SVM %65.50
Butterworth band pass filter,a ;5 & ot o frequency cepstral
Ref[44] non-linear resonance based g d Y cep SVM %49.86
o coefficients
wavelet decomposition
0,
resample to 4 KHz for 13 MFCCs coefficients STF and SVM %721
Ref[45] standarization of all signals LTF parametres ANN %668.7
g P RF %668.7
The first
SVM %69.21
proposed ZN WST, ELM-AE EBT 9659.98
method
The second
SVM %72.69
proposed ZN WST, ELM-W-AE EBT 9%60.61
method

4. Conclusion
The purpose of this study was to distinguish four classes based on voice recordings from the ICBHI 2017
respiratory dataset: normal, wheezing, wheezing, wheezing, and wheezing. Experiments were conducted in stages
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to evaluate the proposed method's classification performance. To begin, in contrast to previous research, audio
signals are subjected to the wavelet scatter process for feature extraction. To offer a suitable classification
approach, we first calculated and compared the classification accuracies of the original and augmented data. The
train feature parts were augmented fivefold, including the original images with ELM-W-AE. SVM and EBT were
used to classify the test features that were not included in the augmenting process and the augmented train features.
Simultaneously, this classification process has been validated without the use of augmenting. The system was first
compared to other architectures in terms of incremental and non-incremental classifiers. Both cases demonstrated
unequivocally that the proposed incremental method performed better. The proposed architecture indicates that it
is capable of providing a solution for disease detection while introducing a novel feature and experimental stage
for the analysis of multi-class lung sounds.
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Abstract: Technological developments and the widespread use of the internet cause the data produced on a daily basis to
increase exponentially. An important part of this deluge of data is text data from applications such as social media,
communication tools, customer service. The processing of this large amount of text data needs automation. Significant
successes have been achieved in text processing recently. Especially with deep learning applications, text classification
performance has become quite satisfactory. In this study, we proposed an innovative data distribution algorithm that reduces
the data imbalance problem to further increase the text classification success. Experiment results show that there is an
improvement of approximately 3.5% in classification accuracy and over 3 in F1 score with the algorithm that optimizes the
data distribution.

Key words: Text classification, Data Imbalance, Data Distribution, Deep learning, Word Embedding.

Daha Iyi Dagitimla lyilestirilmis Dengesiz Veriler Uzerinde Derin Ogrenme ile Verimli Metin
Siniflandirmasi

Oz: Teknolojik gelismeler ve internetin yayginlagmasi, giinliik olarak iiretilen verilerin katlanarak artmasina neden olmaktadur.
Bu veri tufaninin énemli bir kismu sosyal medya, iletisim araglari, miisteri hizmetleri gibi uygulamalardan gelen metin
verilerinden kaynaklanmaktadir. Bu biiyiikk miktarda metin verisinin iglenmesi otomasyona ihtiya¢ duymaktadir. Son
zamanlarda metin islemede 6nemli basarilar elde edilmistir. Ozellikle derin 6grenme uygulamalari ile metin siniflandirma
performans: olduk¢a tatmin edici hale gelmistir. Bu calismada, metin siiflandirma basarisin1 daha da artirmak igin veri
dengesizligi sorununu azaltan yenilik¢i bir veri dagitim algoritmasi dnerdik. Deney sonuglari, veri dagilimini optimize eden
algoritma ile siniflandirma dogrulugunda yaklasik %3,5 ve F1 puaninda 3'iin iizerinde bir iyilesme oldugunu gostermektedir.

Anahtar kelimeler: Metin siniflandirma, Veri Dengesizligi, Veri Dagitimi, Derin 6grenme, Kelime Gomme.
1. Introduction

With the widespread use of the Internet, data production speed, volume, and variety of data have increased
significantly. Text data has a significant share in the produced data. Many applications such as social media,
customer service, and communication tools are increasingly generating huge text data. The processing and analysis
of these data become very important. Institutions and organizations hire employees and experts who will carry out
the tasks of reading, classifying, evaluating, and responding to texts. The correct and fast processing and the
response of the text are extremely important in terms of quality and satisfaction. However, the current business
model has some drawbacks that need improvement. When the workload increases, either the number of employees
or the working hours of the employees must be increased in order to provide the necessary service. This results in
compromising the quality of the work. In addition, increasing the number of employees or working hours is a
costly solution. Therefore, Automation has become necessary for the processing of increasing text data.

Classification is one of the main tasks for text processing. We see its application in many natural language
processing (NLP) tasks. Recently, very successful classification results have been obtained with the prominent
deep learning models [1-3]. Well-known deep learning networks such as Convolutional Neural Network (CNN),
Recurrent Neural Network (RNN), and recently networks with Attention layer, especially Transformer, have been
used text classification [4, 5]. In order to better classify the text with these networks, data preparation is important;
it is vital that the data is appropriately represented and well distributed among the training batches. In addition to
simple word representation methods such as one-hot encoding, bag-of-words, and term frequency-inverse
document frequency (TF-IDF), advanced methods that take into account semantic and syntactic information such
as Word2Vec [6], FastText [7], Glove [8], BERT [9] can be used. To improve performance and success, it is
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advantageous to use features that best describe the text in terms of classification, rather than using the entire text.
The correct representation of the text and the selection of the correct features are processes that require expertise
depending on the data and method to be used. With the use of deep learning and word representation methods,
there have been important conveniences and gains in this regard.

Deep learning models are trained with batches of data. The data distribution in these batches should ideally
be homogeneous so that the models can learn the patterns efficiently. However, it is not always possible to have
ideal data and it is difficult to eliminate this deficiency, which we can define as imbalanced data[10]. One way to
do this is to use shuffle to randomly distribute data. However, this may not eliminate the imbalanced data problem.
Another way is to use data augmentation. Text data augmentation has some problems. It is difficult to create new
text data that contains the original information and properties of the data. Therefore, in this study, we introduce an
algorithm to create better distribution to mitigate imbalanced data problems. We classified 263168 documents
containing 15 classes using deep learning models. Word2Vec word vectors were created using 2803125 documents
of approximately 203 million words. Long short-term memory (LSTM) based deep learning models were created
for classification tasks. We proposed an innovative algorithm for better distribution of the training dataset to
increase classification success. Experimental results show an increase of about 3.5% in classification accuracy and
an improvement of over 3 in F1 score with the proposed data distribution.

In the second section of this article, related works are presented. In the third section, we describe the
methodology of our research. Results and evaluations are given in the fourth section. In the last section, we provide
the conclusion of our research.

2. Related Work

A brief overview of text classification algorithms was provided by Kowsari et al. in [11]. In the article,
existing algorithms and techniques, text feature extraction methods, and dimensionality reduction methods were
discussed. The authors also explored the limitations of each technique in real-world problems. An effective text
classification requires good word representation and data distribution, in addition to other requirements. The
importance of word representation was discussed in [12, 13]. The authors examined the effect of better word
representation on classification success. On the other hand, the problem of data imbalance, which hinders
classification success, has also attracted the attention of many studies.

Sun et al. studied imbalanced data where the number of text data in some classes was relatively small [14].
The authors provided some conclusions as a result of the experiments. They stated that when the number of texts
in the classes is the same, the difference in the number of words in the texts is a factor affecting the success of
classification. They also claimed that if the number of texts in the classes is different, increasing the number of
texts in the class with a small number of texts does not affect the success much. However, we think that the reason
for this claim is due to the difficulty of producing texts representing the class. In [15], the authors presented an
approach to measure and reduce unwanted bias in machine learning models. In this context, it was shown how
models with imbalances in the training dataset can lead to undesirable bias and thus potentially unfair practices.
To provide a solution, a reduction method, which is an unsupervised approach based on balancing the training
dataset, was proposed. The approach was claimed to reduce unwanted bias without sacrificing overall model
quality. [16] presented a KNN-based method for unevenly distributed large sets of documents. Experimental
results showed that the approach provides better text classification.

Imbalance in classes is often come across in real applications of text classifications, especially one-vs-all
methods. Therefore, it is quite important to address the issue for reasonable performance. To mitigate the problem,
Ogura et al. focused their attention on a feature selection scheme and explored various criteria for feature selection
[17]. They examined three different types of metrics and showed that feature selections using the appropriate
metrics in the unbalanced dataset yield satisfactory classification success. The problem of underrepresentation of
categories with fewer examples was attempted to be solved by Liu et al. using a simple probability-based term
weighting scheme [18]. This scheme directly used two critical information ratios, namely, relevance indicators.
Using Support Vector Machines and Naive Bayes classifiers on two benchmark datasets, including Reuters-21578,
the proposed work was compared with other classical weighting schemes and showed significant improvement for
categories with fewer examples. [10] presented an experimental analysis using various text data representations
and data balancing schemes to obtain a classification model with the highest success. The authors' proposed
schemes to deal with data imbalance and to analyze it with a numerical optimization problem in which the costs
are derived by a Differential Evolution algorithm. In the book chapter, Liu et al. explained the approaches adopted
to resolve data imbalance in text classification and group them according to their primary focus [19]. The authors
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showed the effects of class imbalance on classification models in [20]. They conduct extensive experiments to
highlight the nature of the relationship between the degree of class imbalance and classifier performance.

3. Methodology

In many real-world applications, some classes in training datasets have less representation than others. This
imbalanced data structure causes problems in Machine Learning classification and results in poor classification
success as there is not enough data to learn. Therefore, we presented an algorithm that optimizes the data
distribution as a solution to the data imbalance. We studied this algorithm in an LSTM-based deep learning model.
We made text classification on 263168 Turkish documents labeled in 15 categories. The same text data and the
same word representations were used when evaluating the model. Since deep learning methods use numbers
instead of text, we drew attention to the vectorization of texts using a word representation. Python programming
language was used in the development of the application. Word vectors were created using Gensim [21] library
and the TensorFlow library was used for deep learning model development.

We performed the steps in Figure 1 to train and test the classification model. We trained and tested our model
on the normal dataset containing Turkish documents and the dataset with the removed data imbalance in which
we applied our algorithm. The algorithm was applied while generating batches for training. The deep learning
model was trained with batches of text documents because the data size was huge. In the remainder of this section,
we'll explain our solution to the data imbalance. We will provide detailed information about the classification
model, the dataset we used, and the Word2vec model we used to create the word representations.
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Figure 1. Training and testing the classification model and applying algorithms that resolve data
imbalances.
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3.1. Solving Data Imbalance

In many real-life application datasets, some classes are less represented than others. In other words, the data
is skewed. When the number of texts in some classes is less than in others, the training process is negatively
affected. This problem is called imbalanced data. There are solutions to mitigate this problem, such as data
augmentation and deleting data from classes with more data. Data deletion is generally not a good choice as it can
remove some necessary information. On the other hand, data augmentation is difficult for text data as opposed to
image data. For this reason, we prefer to distribute the data optimally into the training batches, considering the
number of documents in the classes. Hence, we created the following algorithm that optimally performs the data
distribution in the datasets. Algorithm 1 creates ideal batches, while Algorithm 2 performs optimal data distribution
in each training batch.

Algorithm 1: Distribute Data

1: procedure GetBatches()

2: Number of classes is m

3 fori«— 1,mdo

4. classes(i) «— getClasses()

5: batches<— CreateWellDistributedBatches (classes)
6

7.

end for
end procedure

Algorithm 2: Create Well-distributed Batches
1: procedure CreateWellDistributedBatches (classes)

2: normindex is a two dimentional array

3: fori«— 1, mdo

4. class « classes(i)

5: max < len(class), min < 1, row « 1

6: while class is not empty do

7. index (row) « an incremental value starting from 1 to max for each row
8: normindex (i ,row) « (index(row) — min)/ (max — min)
9: row <« row+ 1

10: end while

11: end for

12: classesWithNormindex < join classes with normalized indexes
13: range « 1/numberOfBatch

14: r—ao

15: for i < 1, numberOfBatch do

16: while data in classes do

17: if r <normlindex for the data < r+range then

18: selectToBatch(classesWithNormIndex)

19: end if

20: end while

21: I < r+range

22: end for

23: end procedure

We will give an example shown in Table 1 to explain how the algorithm works. Let's say we have a dataset
with categories A, B, and C. Category A consists of 10 texts, Category B consists of 5 texts, and Category C
consists of 3 texts. There are 18 texts in total in the dataset. It is aimed to divide the dataset into 3 optimal batches
of text. When the data is divided into three equal parts without any mixing or distribution as shown in Table 1
(Left-Original), it is seen that the classes are stacked in certain parts. The first part consists of A class texts, the
second part consists of A and B class texts. The third part consists of B and C class texts. Generally, classes are
randomly distributed using shuffle. However, this method does not guarantee that the categories are optimally
distributed in the batches for classification training. The texts in Table 1 (right) were distributed according to the
text frequency in the classes using the algorithm we suggested. When the data is divided into batches, it is seen
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that the texts in each class are distributed as evenly as possible. Data that is not evenly distributed across 3 batches
is placed in an appropriate batch. As the number of data increases, this small error will decrease and the data
distribution will approach the ideal.

Table 1. A sample distribution of data.

Original Distributed
Normalized Normalized
Indices Class Min Max Indices Part Indices Class Min Max Indices
1 A 1 10 0.00 1 1 A 1 10 0.00
2 A 1 10 0.11 2 1 B 1 5 0.00
3 A 1 10 0.22 3 1 C 1 3 0.00
4 A 1 10 0.33 4 2 A 1 10 0.11
5 A 1 10 0.44 5 3 A 1 10 0.22
6 A 1 10 0.56 6 2 B 1 5 0.25
7 A 1 10 0.67 1 4 A 1 10 0.33
8 A 1 10 0.78 2 5 A 1 10 0.44
9 A 1 10 0.89 3 3 B 1 5 0.50
10 A 1 10 1.00 4 2 C 1 3 0.50
1 B 1 5 0.00 5 6 A 1 10 0.56
2 B 1 5 0.25 6 7 A 1 10 0.67
3 B 1 5 0.50 1 4 B 1 5 0.75
4 B 1 5 0.75 2 8 A 1 10 0.78
5 B 1 5 1.00 3 9 A 1 10 0.89
1 C 1 3 0.00 4 10 A 1 10 1.00
2 C 1 3 0.50 5 5 B 1 5 1.00
3 C 1 3 1.00 6 3 C 1 3 1.00

3.2. Word Representation

We used the Word2Vec model, an unsupervised method proposed by Mikolov et al. [6, 22], for representing
words in texts. Word2Vec takes a corpus and creates word vectors of several hundred dimensions. It creates
numerical vectors to represent words by trying to position similar syntactic and semantic words close to each other
in vector space. There are two different methods for creating word vectors. The first of these is CBOW (Continuous
Bag of Words) and the second is SG (Skip-Gram). While the CBOW method tries to guess the word from the
words in a particular window to the right and left of the word, the SG method tries to guess the words to the right
and left of the word from the word itself. Besides word vectors, we also come across researches that create vectors
for documents, patterns, users, and classes [23, 24].

We created the word vectors using the SG model. The SG model has an input layer, a hidden layer, and an
output layer. The input vector x = {x,, ..., x,,} is one-hot encoded. The weights between the input layer and the
hidden layer can be represented by the V x N matrix W shown in formula 1, where V is the vocabulary size and N
is the unit size in the hidden layer. Between the output layer and the hidden layer, there is another V x N weight
matrix W' shown in formula 2.

V11 Vin
Wyen = : 1)
Vy1 Vyn
! !
V11 Vin
! —_— M H
Wiy =1 ¢ : (2)
! !
Vv UV vn

Given asingle word x;., and assuming x;, = 1 and x,» = 0 for k # k', we obtain the formula 3 for the hidden-
layer outputs, where v, denotes the input vector of the associated word w of the input layer.

h=xTW-= W(k,) = Dy, (3)

The output utilizing the Softmax function can be calculated by using v',, . h. Applying Formula 3, we get
the following formula:
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I
exp(u wo 'UWI)

pwplwy) = 2—3‘,’:1exp(v,wﬂ ) 4
Thus, the loss function is formula 5 where ¢ is the number of context words.
E= _IOgP(WO,pWo,z' ---Wo,c|W1) (%)

After providing the mathematical background information, we explain how we generate the word vectors. A
collection of 2.8 million Turkish texts was used to create the Word2Vec model. The corpus has a total of 243
million words and 2.6 million unique words, including misspellings words. All uppercase letters have been
converted to lowercase to avoid creating a new token for the same word. While Word2vec training, windows size,
negative sample, minimum word count, and vector size were set to 20, 5, 5 250, respectively, in the SG method.
When the minimum word count parameter was set to 5, the number of unique words decreased from 2.6 million
to 603 thousand words. This is because there are many misspelled words in the corpus. Therefore, the minimum
word count parameter was chosen as 5.

3.3. Deep Learning Model

For the experiments, we used an LSTM-based deep learning model, which is known to classify well on text
data. With the algorithm we proposed, the dataset that solved the problem of data imbalance and the regular dataset,
in which this algorithm was not applied, were trained using the same model. In other words, two datasets were
tested on the same deep learning model. In the deep learning model, 1 Embedding layer, 2 bidirectional LSTM
layers of 128 units, 2 Dense layers of 500 and 300 units, and 1 output layer of 15 units were used. A 160 x 250
matrix was created for each text, with the embedding layer set to a maximum text length of 160 and using
Word2Vec vectors of size 250. Zero padding was applied to texts less than 160 words. 0.2 Dropout was utilized
in layers containing LSTM and Dense. Softmax activation function was applied to the output layer. "Adam" was
preferred as the optimization function and "sparse_categorical_crossentropy" was used as the loss function.

3.4. Dataset

Statistics of the text dataset used for classification are given in Table 2. The dataset contains a total of 263168
labeled documents with 15 classes. Of these documents, approximately 70% corresponding to 185344 documents
were used for training, approximately 15% corresponding to 38912 documents were used for verification, and
approximately 15% corresponding to 38912 documents were used for testing.

Table 2. Dataset used for classification.

Class Name Total Train Validation Test
1.Class 12055 8490 1782 1783
2.Class 18150 12782 2684 2684
3.Class 14405 10145 2130 2130
4.Class 26086 18372 3857 3857
5.Class 9550 6726 1412 1412
6.Class 20945 14751 3097 3097
7.Class 37180 26186 5497 5497
8.Class 11280 7944 1668 1668
9.Class 15505 10919 2293 2293
10.Class 15435 10871 2282 2282
11.Class 10768 7584 1592 1592
12.Class 30312 21348 4482 4482
13.Class 11795 8307 1744 1744
14.Class 12109 8528 1791 1790
15.Class 17593 12391 2601 2601
Total 263168 185344 38912 38912
Ratio (~%) 100 70 15 15
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4, Benchmark and Evaluation

We used the documents whose statistics are given in Table 2 in the experiments. We first trained the dataset
as it provided. We collected the experimental metrics. We then optimally redistribute documents from datasets to
batches to find the improvement our algorithm provides to mitigate the data imbalance issue. Although the train,
validation, and test datasets contain the same number of documents, we rearrange the documents in the batches by
class types so that the distribution is optimal. Then, we collected experimental results. We did not make use of the
"EarlyStopping" callback to see the experimental behaviors and used 20 epochs for model training. However, we
save the best models for both experiments. A batch size of 1024 was used for each experiment. Precision, recall,
F1-score metrics, and model accuracies were used to evaluate approaches.

4.1. Classification Model with Regular Dataset

The loss and accuracy graphs of the train and validation datasets are given in Figure 2 and Figure 3. The
model starts overfitting from Epoch 14. After this point, the validation loss and accuracy are not improving even
though training loss and accuracy values are getting better. Hence, we save the model at this point to measure
precision, recall, and F1 scores and accuracy on test datasets.

—e— Training loss
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Figure 2. The loss results obtained during the training with the dataset in which the proposed distribution
algorithm is not applied.
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Figure 3. The accuracy results obtained during the training with the dataset in which the proposed
distribution algorithm is not applied.
95



Efficient Text Classification with Deep Learning on Imbalanced Data Improved with Better Distribution

The saved model was used to collect benchmarks. The accuracy of the test dataset is 87.96%. The precision,
recall, and F1-score values for each class are given in Table 3. The model's F1 score is 87.84. The other metrics
are also reasonable. Class transitivity seems to have caused bad results in some classes. Since the dataset we use
was obtained from a real-life application, some classes such as economics and education have similar content with
other classes. Therefore, metrics are worse in these classes.

Table 1. Precision, recall, and F1-score metrics obtained with the test dataset in the model trained with the
dataset to which the distribution algorithm is not applied.

Class Name | 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 All
Support 1783 | 2684 | 2130 | 3857 | 1412 | 3097 |5497 | 1668 | 2293 | 2282 | 1592 |4482 | 1744 | 1790 | 2533 | 38912
Precision 90.63 | 83.15 | 83.33 | 89.77 | 91.18 | 90.65 | 89.53 | 83.84 | 85.1 | 89.65 | 83.43 | 89.27 | 91.94 | 87.28 | 86.38 | 87.99
Recall 925 [90.29 [64.1 |88.74|92.76 | 88.41 | 92.51 | 94.28 | 73.67 | 85.03 | 87.51 | 96.15 | 83.26 | 86.44 | 90.16 | 88
F1-Score 91.56 | 86.57 | 72.46 | 89.25 | 91.96 | 89.52 | 91 88.75 | 78.97 | 87.28 | 85.42 | 92.58 | 87.38 | 86.86 | 88.23 | 87.84

4.2. Classification Model with Well-distributed Dataset

For the optimally distributed dataset to the batches, loss and accuracy plots of the train and validation datasets
are given in Figure 4 and Figure 5. The model started to encounter the overfitting problem after Epoch 11.
Therefore, we save the model at this point to measure precision, recall, F1 score, and the accuracy value on the
test dataset. Compared to the model described in the previous section, the model is trained faster with the optimally
distributed dataset using our proposed algorithm. In addition, it is observed that the training and validation
accuracy values are much higher.

—e&— Training loss

Validation loss

Loss
=)
1

0.8
0.6 4

0.4 - —

T
2 4 6 8 10 12 14 16 18 20
Epochs

Figure 4. The loss results obtained in the model trained with the dataset created with the proposed
distribution algorithm.

Table 2. Precision, recall, and F1-score metrics obtained with the test dataset using the model trained with
the dataset created with the distribution algorithm.

Class Name | 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 All
Support 1783 | 2684 | 2130 | 3857 | 1412 | 3097 | 5497 | 1668 | 2293 | 2282 | 1592 |4482 | 1744 | 1790 | 2533 | 38912
Precision 94 86.25 | 86.23 | 93.67 | 95.51 | 92.78 | 92.72 | 88.16 | 90.91 | 92.63 | 87.85 | 91.79 | 92.31 | 89.76 | 91.11 | 91.3
Recall 95.79 | 93.22 | 70.28 [ 91.73 | 94.83 | 91.22 | 94.78 | 96.88 | 76.8 | 88.65 | 90.83 | 98.55 | 92.2 |91.12 | 92.62 | 91.31
F1-Score 94.89 | 89.6 |77.44|92.69|95.17 |91.99 | 93.74 | 92.31 | 83.26 | 90.6 | 89.32 | 95.05 | 92.25 | 90.43 | 91.86 | 91.19
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Figure 5. The accuracy results obtained in the model trained with the dataset created with the proposed
distribution algorithm.

When we look at the metrics collected for the test dataset. The accuracy of the test dataset was measured as
91.45%. Precision, recall, and F1 score values are given in Table 4. For the entire dataset, they are 91.3, 91.31,
and 91.19, respectively. It is clearly seen that these metrics are also better than the results we obtained in the
previous experiment.

4.3 Comparison

In terms of accuracy, we observe that our algorithm to distribute data into batches optimally provides 3.46%
better output. In addition, the average F1 score improved by 3.35. We see similar advances in recall and precision
measures. When we look at each of the classes, we withess improvement in almost every metric. In particular, it
appears that improvement is higher in classes with the worst metrics of previous experiments. This shows that our
proposed algorithm contributes better to solve the problem of data imbalance in underrepresented or transitive
classes. In addition, training takes less time as the model trained with the data set with the improved distribution
is optimized faster.

5. Conclusion

Nowadays, huge amounts of text data are produced from many sources. This excessive amount of text data
creates more workload. Dealing with this workload with new employees or more working hours is an expensive
method. Therefore, document classification, which is an important task for text data, requires atomization. Deep
learning, which has achieved significant success recently, offers an ideal solution. However, real-life application
datasets often do not have balanced datasets. Data imbalance is ubiquitous in real-life applications. This problem
leads to poor classification success.

In order to reduce the data imbalance problem, we proposed an algorithm that can better distribute the data
to the batches. We analyzed our proposed method using a very large Turkish dataset containing 263168 documents
with 15 classes. We conducted our experiments using an LSTM-based deep learning model. First, we trained the
deep learning model and collected the experimental metrics without using the proposed method on the data set we
collected. Then, we trained the same model using the dataset improved with our proposed distribution algorithm.
We compared the metrics we gathered from both experiments. Our proposed solution yielded approximately 3.5%
better accuracy than the experiment using a regular approach. It also shows an increase of more than 3 in the F1
score. Similar improvements are seen in other metrics. These results clearly demonstrate the importance of better
data distribution to training batches in text classification. Our proposed algorithm, which mitigates the data
imbalance problem, offers an important solution in this regard.
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Abstract: In this study, multiplicative conformable fractional differential equations are presented. Wronskian concept, linear
dependence-independence concepts are defined on multiplicative conformable fractional calculus and some theorems and
results are given among them. Finally, some examples are solved by giving some methods for finding general solutions of
multiplicative conformable fractional differential equations.
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variation of parameters.
Carpimsal Uyumlu Kesirli Diferansiyel Denklemler

Oz: Bu ¢alismada, ¢arpimsal uyumlu kesirli diferansiyel denklemler sunulmustur. Carpimsal uyumlu kesirli analiz {izerinde
Wronskian kavrami, lineer bagimlilik-bagimsizlik kavramlari tanimlanarak bunlar arasinda bazi teoremler ve sonuglar
verilmistir. Son olarak, carpimsal uyumlu kesirli diferansiyel denklemlerin genel ¢oziimlerinin bulunmasi iizerine bazi
metotlar verilerek bazi 6rnekler ¢oziilmiistiir.

Anahtar kelimeler: Uyumlu kesirli tiirev, ¢arpimsal uyumlu kesirli tiirev, non-Newtonian analiz, parametrelerin degisimi.
1. Introduction

In 1970's, non-Newtonian calculus with infinite sub-branches was firstly presented as an alternative to usual
calculus in [1,2]. The sub-branches such as geometric, anageometric, bigeometric, quadratic and harmonic
calculus, etc. can be given as examples. The geometric calculus, which is one of these, is also defined as
multiplicative calculus by some authors [3-9]. In this calculus, changes of arguments and values of a function are
measured by differences and ratios, respectively. On the other hand, they are measured by differences in the
classical case.

Many events such as the levels of sound signals, the acidities of chemicals and the magnitudes of
earthquakes change exponentially. For this reason, examining these problems in nature using multiplicative
calculus offers great convenience and benefits. In the study of these physical properties, it would be more
accurate to prefer the multiplicative differential equations. In numerous fields as biology, chaos theory,
demography, earthquakes, engineering, economics, business and medicine [5,10-15], this calculus yields better
outcomes than the classical case.

Fractional calculus, which is frequently encountered with various applications [16-20] in different fields of
engineering and science, is defined as a generalization of classical calculus. We prefer the conformable fractional
(CF) calculus in the present study. Because the other fractional derivatives used in the literature fail to satisfy
some basic properties. Thus, it can be found basic properties and main results of CF calculus in [21,22]. Some
applications of fractional derivatives are given in [23-27].

Multiplicative fractional calculus theory is a combination of both fractional calculus theory and
multiplicative calculus theory. We refer to the paper [28] that encourages us and from which the main concepts
of the multiplicative fractional calculus are set. Here, it has been defined conformable multiplicative fractional
derivative and multiplicative fractional integral and has been studied some of their properties.

In [29-30], the constructs and methods on CF calculus guided us in the preparation of this study.

2. Preliminaries

In this section, some basic definitions and properties of CF calculus, the multiplicative calculus and the
multiplicative CF calculus theories will be given.

* Corresponding author: srtcgoktas@gmail.com. ORCID Number of authors: * 0000-0001-7842-6309
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Multiplicative Conformable Fractional Differential Equations

Definition 2.1. [21,22] Consider the function f:[a, o) — R. Then, CF derivative and CF integral of f order
a € (0,1] are defined by:

+h(x —a)'™%) —
refo = i OG0T 16

18 (x) = f F(O)dy(t,a) = f - f@Ddt,  forx>0,

a a
respectively. Here, the last integral to the right of this equality is the usual Riemann integral. Moreover, when
a = 0, the CF derivative be written T, and the CF integral be written I, and d,(t,a) = d,t. In addition, if f is
usual differentiable, then T, f (x) = x17%f’(x).

Definition 2.2. [28] Consider the function f:R — R*. Then, the forward multiplicative and the backward
multiplicative derivative of f are defined by:
1

dr o (feRNR
dx*f(x) =/ = }ll—r;r(l)( f(x) ) ’
d. i (LG
B0 = £ = lim ()

respectively. It can easily be shown that

dn
@) = £700 = exp (T In ).

Definition 2.3. [28] Consider the function f:[a,b] — R*. Then, the forward or the backward multiplicative

integrals of f(x) are defined by:
b b b

Jf(x)dx =ff(x)dx=exp Jlnf(x) dx |.

a

Definition 2.4. [28] Consider the function f:[a,b] - R*. Then, the multiplicative CF derivative and the
multiplicative CF integral of f order ae(0,1] are defined by:
1

flx+ h(x— a)l‘“))ﬁ
fx) '

(CIgHx) = ff(t)d;;(t,a) = exp{

T f(x) = lim (

X

[wr@au a)]

a
X

= ff(t)gt_a)w_1 = exp {f(t - a)“'llnf(t)dt}, forx >0

a
respectively. Hence, the last integral to the right of this equality is the usual Riemann integral.
When a = 0, the multiplicative CF derivative be written *T,, and the multiplicative CF integral be written *I,
and d,(t,a) = dt.

Now, let ae(0,1] and n € Z*. The sequential multiplicative CF derivatives of order n is defined by
*(n)Taf(x) = Ty Ty .. "To f(X).

Proposition 2.1. [28] Consider the function f: [0, b] » R*and ae(0,1]. Then,
= * — — Taf(x)
") af(x) - eXp{Talnf(x)} - exp{ f(x) }'
i) ("Iof)(x) = exp{l,Inf (x)}.

Proposition 2.2.[28] Consider the function f:[0,b] - R* and ae(0,1]. Then,
) (T, "I, f)(x) = f(x), forf iscontinuous,
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f&)
f@

Theorem 2.1. [31] Let f, g : [0,b] » R* be multiplicative CF differentiable of order ae(0,1] and h be CF
differentiable ae(0,1] at x. Then,
D) t(cf)(x) = 7f (0),
ii) T(f?) () =1f f(?))fg (x),
T (X
i) T( )( )= 19(x)
iv) T(fM)(x) = {tf ()} Df (x)Ta" ),

Tah(X)h(x)*™

v) o(f o h)(x) = {(ef)(h(x ))} )

g
vi) t(f + g)(x) = [Tf(x)]f("“g(")[Tg(x)]f("”g(")
where c is a positive constant and Ty = *T,y.

i) ("o "Tof)(x) =

Theorem 2.2.[31] Letf, g : [0 b] —» R* be multiplicative CF integrable of order a¢(0,1] at x. Then,

i) f FQL,, = l [ Faes]

it) f (g0 = f Fa fb Feor

0

O
w ), - oo

iv) f F(a = f Fa j F s

-1

)9 () o
v) f [ 1S = ;Eoigm) f feome@t

where keRandce[0,b]isa posmve constant. The last formula is called a—*integration by parts.
3. Multiplicative Conformable Fractional Differential Equations

It is aimed to apply conformable fractional differential equations to multiplicative calculus with a method
similar to the application of classical differential equations to multiplicative calculus such as in [10].

Definition 3.1. The multiplicative differential equation

(ty) %) (gn=1y)a () .. (py)an-1()yan(®) = p(x) 3.1

is defined as multiplicative CF differential equation of n order, where b(x) is a positive valued function. Here,
Ty = "Tpy, T'y= *(Z)Tay =Ty ' Tey, .. Ty = *(n)Tay =Ty Ty .. Ty y.

n—times

If the exponents a,(x) # 0, ax(x), k =1,n are constants, Eq.(3.1) is called linear multiplicative CF
differential equation with constant exponents; otherwise linear multiplicative CF differential equation with
variable exponents. Moreover, if b(x) =1, Eq.(3.1) is called homogeneous multiplicative CF differential
equation, that is

(Tny)ao(x) (Tn—ly)th(x) (Ty)an_l(x)yan(x) =1,

otherwise nonhomogeneous multiplicative CF differential equation.

(3.2)
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Theorem 3.1. Let y,(x) be the general solution of Eq.(3.2) and y,(x) be any particular solution of Eq.(3.1).
Then, y,(x)y,(x) is a general solution of Eq.(3.1).

y() .
Yp(x) 1S
also the solution of Eq.(3.2) to complete the proof. Indeed, considering the properties on theorem 2.1 of the
multiplicative CF derivative, we obtain

(G (GG -

_ (Tny)ao(x)(‘[n—ly)a1(x) (Ty)an_l(x)yan(x) _ b(x) B
= a (x) _ a;(x) - @) = =
(‘rnyp) 0 (Tn 1yp) 1 "'(Typ) 1 ypan(x) b(x)

Proof. Let y(x) be a solution of Eq.(3.1). Since y,(x) be any solution of Eq.(3.1), it must be shown that

a;(x)

y(x)) to be the general solution of Eq.(3.2) too.

Hereby, y, (x) being the general solution of Eq.(3.2) causes pogroes
P

Consequently, we reach y(x) = y, (x)y,(x). 0

Theorem 3.2. Let the functions y; (x), y,(x), ..., ¥, (x) be any solutions of Eq.(3.2) on an interval I. Then, the
function y(x) = y,1(x)y,y2(x) ... y,™(x) is also a solution of Eq.(3.2) for any real constants ¢, k = 1, m.

Proof. The theorem is easily proved if the properties on theorem 2.1 of the multiplicative CF derivative, we
obtain are taken into account.o

Definition 3.2. Consider the positive functions y, (x), y,(x),...,¥,(x) on an interval I. If ¢, k=1,n are
scalars, then the multiplicative linear combination of the functions y; (x), y,(x), ..., y,(x) is

G0 57 () ey ().

Definition 3.3. Consider the positive functions y; (x), y,(x), ..., ¥,(x) on an interval I. If a sequence of the
functions y; (x), y,(x),...,y,(x) is said to be multiplicative linearly independent if it is not multiplicative
linearly dependent, that is, if the equation

V) 9,2 () eyt () =1, Vx €l (3.3)
can only be satisfied by ¢, = 0, k = 1,n.

Definition 3.4. Consider the positive functions y, (x), y,(x), ..., y,(x) which are (n — 1) —times multiplicative
CF differentiable on an interval I. The determinant

1 V2 Yn |
N Ty ‘L'y cee ‘L’y
Wo 1, Y2, s y) ) = | 1 S
.L.n—ly1 .L.n—lyz .L.n—lyn

is called multiplicative CF Wronskian (a —*Wronskiani) of the functions y; (x), y,(x), ..., y,,(x), where |-|* is
multiplicative determinant and the abbreviation *WW, (x) will be used instead of “W,(y, v,, ..., ¥n)(x) [32]. For

example, when n = 2,
Inty,

Yi Y2 |* _h (3.4)

V1 TV yzln ™1

W, 72) () = |

Theorem 3.3.( @ —*Abel Formula) Consider the continuous functions a,(x), k = 0,n and ay(x) # 0 on an
interval I. If the positive functions y, (x), y,(x), ..., v,(x) are multiplicative linearly independent solutions of
Eq.(3.2) on an interval I, then the formula
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< _a1(x)>
*1;‘0 e ag(x)
*Wa(x) = {*Wa(xo)}
holds for Vx € I, where *I,°(-) will symbolize the multiplicative CF integral from definition 2.4..
Proof. For the sake of clarity, the proof in the case n = 2 will be given instead of the proof of the general case.

Let y; and y, be the continuous functions on an interval I and be multiplicative linearly independent solutions
of Eq.(3.2) for Vx € I. Then, we can write the following

a0 2 L) 2 (3.5)
(2%y;) = (y;) @@y, @& and (t2y,) = (ty,) Gy, 0,

On the other hand, taking the multiplicative CF derivative of both sides of (3.4) with respect to x when n = 2,
we obtain

{ryz}‘“yl) _ Py (3.6)
™)~ g

T(*Wa(ypyz)) = T(

Substituting Egs. (3.5) into (3.6) yields to

as (x)

T(*Wa(yl'yz)){*Wa(yl'yz)}m =1 (37)

If the algebraic operations on the multiplicative calculus are taken into account in Eq.(3.7), this equation is
written in the following form:

as (x)

(I W, (1, ¥,)) = e @,
Taking the multiplicative CF integral of both sides of the last equality with respect to x, the proof is completed.o

Corollary 3.1. Consider the continuous functions a,(x), k =0,n and a,(x) # 0 on an interval I. If the
positive function y,,y,,..,y, are the solutions of Eq.(3.2) on an interval I, then for vx €1 either
WY1, Yo, s V) () = Lor "Wo(¥1, Yo, -, Yn)(x) # 1 is provided.

_a1()
Proof. From the a —*Abel formula, for Vx € I, *I,;° (e aom) # 0 dir. If *W,(x,) = 1 is provided at a point
Xy € I, then “W,(x) = 1 is provided for vx € I; if "W, (x,) # 1 is provided at a point x, € I, then "W, (x) #
1 is provided for vx € I. This completes the proof. o

Theorem 3.4. Let the positive function y,, y,, ..., v, be the solutions of Eq.(3.2) on an interval I. The functions
Y1,¥2, -, Y, are multiplicative linearly dependent solutions of EQ.(3.2) on an interval I if and only if

*Wa(yllyZl ---,J’n)(x) =1

Proof. For the sake of clarity, the proof in the case n = 2 will be given instead of the proof of the general case.
Suppose that the functions y, and y, are multiplicative linearly dependent solutions of Eq.(3.2) on an interval I.
Then, there is a constant C such that y, (x) = y£ (x). From the properties of multiplicative CF derivative, we get
7y, (x) = {ty, (x)}¢. If the constant C is eliminated in this last equalities, the equality

{ty, ()1 O zy, ()} 1720 =1 (3.8)

is obtained, that is, *W,(y,y,)(x) = 1.

On the other hand, Let *W,(y,,y,)(x) = 1, that is, let the equality (3.8) be provided. If y,(x) =1 on an
interval I, then the function y, becomes multiplicative linearly dependent on y;. Now, let's assume y, (x) # 1 on
a subinterval of the interval I. Then, taking the power {Iny; (x)}~2 of both sides of the equality (3.8) gives
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t(Infy, ()} ¥ 0™) = 1. From here and the properties of multiplicative CF derivative, we get
In{y, () }Iny16N™" = ¢ or y, (x) = y£ (x). This completes the proof. o

Theorem 3.5. Let the functions y,, y,, ..., y,, be multiplicative linearly independent solutions of Eq.(3.2) on an
interval I. Then, a y(x) solution of Eq.(3.2) in the same interval, that is, the general solution, is in the form
below:

y(x) = ¥ (%) Y52 (%) . Y™ (x). (3.9)

Proof. Let the functions y(x) be a solution of Eq.(3.2) on an interval I. Since the functions
Y1) ¥, 2(x) .yt (x) ve y(x) are solutions of Eq.(3.2) on an interval I, at some x, of the interval, the
arbitrary constants c,, k = 1,n must to be found such that the following system is provided:

Vi1 (%0) ¥52(%0) . Y (x0) = y(x0 ),
Ty (0) TV, 2 (%) - Ty (%) = TY (X0 ),

Ty (0) TV, () - T () = T Y (g )

In order for this system to be solvable according to the arbitrary constants, the coefficients matrix of this system
must be W,(y. Vi .., ¥n)(x) # 1. Consequently, from theorem 3.3, it is obtained that
Wo(V1, V2, -, ¥u)(x) # 1 for Vx € I. This completes the proof. o

4. Some Methods for General Solution of Multiplicative CF Differential Equations

In this section, for the sake of clarity, some methods for finding the general solution of the homogeneous
multiplicative CF differential equation (3.2) for n = 2 will be given. When n = 2, let's rearrange Eq.(3.2) as
follows:

(%) (ty)P@ya®) = 1,
ay (x) (x) —

ag(x)’

(4.1)

(x)
)

where p(x) = and ay(x) # 0

az
ao
4.1. The Solution of Type y, (x) = {y;(x)}'"*®

For brevity's sake, let's use these abbreviations y; = y;(x), y, = y,(x) and u = u(x). Suppose that the
function y, # 1 which known and y, = yl"* functions are solutions of Eq.(4.1), where u(x) is an unknown
positive function. Thus, the following system is obtained:

Te(Inw)

Ty, = {ty, ™y,

@710
T2y2 — {szl}lnu{.[yl}ZTa(lnu)yl a(nu).

After these equalities are written in Eq.(4.1), considering that y; (x) is a solution to Eq.(4.1), we get

Te(Inu) (2)
{tryy2yp @}y e = g

or
AT, (Inw) T,(Iny,)
=- —p().

T,(Inu) Iny,
CF integrating both sides of last equality, we get
T,(Inw) = In"2 y, e~laP@ N U= e,a(ln—zyle—lap(x))’ 4.2)
or
1 = Y1 e P® 5 w= Y (), (4.3)

where [, - is CF integral from definition 2.1 and *I,, - is multiplicative CF integral from definition 2.4.
Consequently, the general solution of Eq.(4.1) is as follows
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y(x) = ¥ (), (x) e, (4.4)

where u(x) is defined by (4.2) or (4.3).

Example 4.1. Consider the following multiplicative CF equation for which y, (x) = e* has a known solution;

L1 (4.5)
@) (y)zry = =1,
where Ty = *T1y and 2y = *T1*T1y.

2 2 2
x—2

Then considering the formula (4.2), we have u(x) = ez . Consequently, from (4.4), the general solution of
Eq.(4.5) is as follows:

y(x) = eC1x+sz_1_

4.2. The Solution When the Coefficients are Constant
In Eq.(4.1), let p(x) and q(x) be constants. So let's look for the solutions of Eq.(4.1) in type y(x) =

k(L
e® G ). If the first and second multiplicative CF derivatives of this function are taken, it is obtained as follows,
respectively:

1la 1.«
Ty(x) = ke @) ng ?y(x) = k2@
If these derivatives are substituted in (4.1), we have

1
e (k2+pk+q)ek(axa) —

’

or
k? + pk +q = 0.

The following three cases exist for the roots k, and k, of Eq.(4.6).
i) If k; # k, € R, the general solution of Eq.(4.1) is as follows

kl(%xa)+czek2(%xa) kl(éxa)bekz(éxa) (a =g, ph= eCz). (47)

(4.6)

y(x) = e? or y(x) = a®

ii) If k;, = k, € R, the general solution of Eq.(4.1) is as follows

<C1+C2(§xa)>ek1(%xa) 1(%)(“) (%x“)ekl(%xu) (48)

yx)=e or y(x) = a" b (a=e“, b=e%2),

iii) If k;, = 0 —it, k, = o + it the general solution of Eq.(4.1) is as follows

a(éx“) (C1 cos T(éx“)+c2 sin r(éx“)).

(4.9)
y(x) = e°

Example 4.2. Consider the following multiplicative CF equation

(@) ay)y ™ = 1 (4.10)
Then, from (4.7), the general solution of Eq.(4.10) is as follows:

1.a (L 1« _o(Lya
(Ex )+c29 Z(LZX ) (Otx )be Z(Dtx ) (a — ecl’ b — ecz).

y(x) = e? or y(x) = a*

Example 4.3. Consider the following multiplicative CF equation
@)@y ?y* =1
Then, from (4.9), the general solution of Eq.(4.11) is as follows:

(%xa) (01 cos 2(%x“)+c2 sin Z(éx“))

(4.11)

y(x) = e

4.3. Variation of Parameters
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Suppose that y, = y,(x) and y, = y,(x) be two multiplicative linearly independent solutions for Eq.(4.1).
The aim is to find the particular solution y,, = y, (x) for

(@) @)PPy 1 = b, (412
Let
Yo =V Vst (4.13)
where the functions ¢; = ¢;(x) and ¢, = ¢,(x) are two unknown functions.
By taking the multiplicative CF derivative of Eq.(4.13) with respect to x, we get

« @ 4.14
Wy = (@y) 1y " (2y2) 2y, . (4.14)
If the equality
leaclszaCZ =1 (415)
is assumed in Eq.(4.14), we get
™yp = (Ty1) 1 (Ty2) 2. (4.16)
Later, taking the multiplicative CF derivative of Eq.(4.16) with respect to x, we obtain

(4.17)

T2y, = (t2y) 1 (ty) a1 (T2y,) 2 (y,) ez,

Considering that the functions y; and y, are the solution of Eq.(4.1), substituting Eqgs.(4.13), (4.14), and (4.17)
into (4.12) yields to

(2y) et (xy,) "o = b(x). (4.18)
Now, solving the system of the Egs.(4.15) and (4.18), we get
—Inb(x) Iny,(x) Inb(x) Iny,; (x)
Wl = and Tyc, = ,
("W, (y1,2)(x)) In(*We (y1,2) (x))
or
(—lnb(x)lnyz(x)> < Inb(x) Iny; (x) )
¢ =1, and c; =1, .
("W, (y1, ¥2) () In("We (y1, ¥2) (%))
Consequently, the particular solution is as follows:
—Inb(x)1Iny,(x) In b(x) In y4 (x)
Ia(ln(*Wa(YLYZ)(X))) Ia<1n(*Wa(J/1.J/2)(x))) (4.19)

Yo =N 2 .

Corollary 4.1. Let the functions y,, y,, ..., y,, be multiplicative linearly independent solutions of Eq.(3.2) on an
interval 1. If the above method is applied for these functions, it can be easily shown that

ch =1, (ln( ;;Wa(ylﬁ Va2, ---;yn)(X)))’

ln(*Wa (}’1, Y2, e 'yn)(x))
where ;W, (y1, ¥, ..., Vo) (x) is the determinant obtained by replacing the nth column on *W,(y4, ¥2, ..., ¥n) (X)
by the column [0 0 --- 0 In b(x)],x,. Consequently, the particular solution is as follows:

L (ln(Ewa(yl,yz,...,ynxx)))

A n(Wa1y2,-yn)(x))
yp = Hyk
k=1

Example 4.4. Consider the following multiplicative CF equation
—6VE 4.20
(@) )y = e, (420
where Ty = *T1y and T2y = *T1*T1y.
2 2 2
Then, from (4.8), the homogeneous solution of Eq.(4.20) is as follows:

Ju(2) = elerteso®)eoT

Namely, y; (x) = ™% and y,(x) = 27" Therefore,
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¢ = Ip(—2vVx) = —2x and ¢, =1,(1) = 2vx
holds and from (4.19),
Yy = (ee‘G‘/E w2 eZ\/Ee‘G‘/E wx _ 2xe~6V% (4.21)

=e .
is a particular solution of Eq.(4.21). Consequently, from Theorem 3.1 with (4.21) , the general solution of
Eq.(4.20) is as follows:

V() = )y () = (e @VD)e ™ gaxemo  plertea(2im))emFraxee

5. Conclusion

In multiplicative conformable fractional calculus which brings together multiplicative calculus and
conformable fractional calculus, the concept of differential equations is presented. The basic definitions,
properties, and results of this concept are given. Some solution methods of this equation are explained. A few
examples have been solved for clarity.
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Abstract: In present study, NiO:ZnO thin films in molar ratios of 1:0, 0:1, 3:1, 1:1 and 1:3 were formed on p-Si layers with
Aluminium (Al) bottom contact. The dynamic sol-gel spin coating method was used as coating method. The Al top contacts
were deposited on thin films and AIl/NiO:ZnO/p-Si/Al photodiodes were fabricated. The structural and morphological
properties of the photodiodes were determined by X-ray diffraction (XRD), emission scanning electron microscopy (FE-SEM),
and energy dispersive X-ray spectroscopy (EDX). The photoresponse and electrical properties of the produced photodiodes
were investigated by current-voltage (I-V) and capacitance-voltage (C-V) measurements. The AI/NiO:ZnO/p-Si/Al
photodiodes were successfully fabricated. It was determined that the thin films were composed of nanostructures. All
photodiodes are sensitive to light. It was seen that the photosensitivity of composite photodiodes was higher than the pure
photodiodes and photosensitivity decreased as the ZnO ratio increased. It was determined that the most sensitive photodiode
to light was the composite photodiode with a NiO:ZnO ratio of 3:1, and the highest photosensitivity was measured as 3.12 x
103 at 100 mW/cm? light intensity in this photodiode. In all photodiodes, the capacitance values decreased as the frequency
increased. The results show that by changing the NiO:ZnO ratio, the photoresponse and electrical parameters of the photodiodes
can be controlled and the produced photodiodes can be used as a photosensor in solar tracking systems and optoelectronic
applications.

Key words: Semiconductor metal oxide, Sol-gel, Composite photodiode, Nanomaterial, Solar irradiation.

Giines Enerjisi Takip Sistemleri icin AlI/NiO:ZnO/p-Si/Al Kompozit Fotodiyotlarin Uretimi ve
Karakterizasyonu

0Oz: Mevcut calismada, 1:0, 0:1, 3:1, 1:1 ve 1:3 molar oranlarinda NiO:ZnO ince filmler Aliiminyum (Al) alt kontakli p-Si
tabakalar {izerinde olusturuldu. Kaplama yontemi olarak dinamik dondiirerek kaplama metodu kullanildi. Al iist kontaklar ince
filmler lizerinde biriktirildi ve Al/NiO:ZnO/p-Si/Al fotodiyotlar iiretilmis oldu. Fotodiyotlarin yapisal ve morfolojik 6zellikleri
X-1g11 kirmimu (XRD), emisyon taramali elektron mikroskobu (FE-SEM) ve enerji dagitict X-1sm1 spektroskopisi (EDX) ile
belirlendi. Uretilen fotodiyotlarin fototepki ve elektriksel dzellikleri akim—voltaj (1-V) ve kapasite-gerilim (C-V) dlciimleri ile
arastirildi. AI/NiO:ZnO/p-Si/Al fotodiyotlar basarili bir sekilde iiretildi. Ince filmlerin nanoyapilardan meydana geldigi tespit
edildi. Tim fotodiyotlar 1s18a karst duyarlidir. Kompozit fotodiyotlarin 1g18a kargt duyarliliklarinin saf fotodiyotlara gore daha
yiiksek oldugu ve ZnO orami arttikga azaldigi belirlendi. Isiga karst en duyarh olan fotodiyotun NiO:ZnO orami 3:1 olan
kompozit fotodiyot oldugu tespit edildi ve en yiiksek fotosensitivite bu fotodiyotta 100 mW/cm? 1sik siddetinde 3.12 x 103
olarak 6l¢iildii. Tiim fotodiyotlarda frekans arttikga kapasite degerleri diismiistiir. Sonuglar, NiO:ZnO oranimin degistirilerek
fotodiyotlarn fototepki ve elektriksel parametrelerinin kontrol edilebilecegini ve iretilen fotodiyotlarm giines takip
sistemlerinde ve optoelektronik uygulamalarda fotosensor olarak kullanilabilecegini gostermektedir

Anahtar kelimeler: Yari iletken metal oksit, Sol-jel, Kompozit fotodiyot, Nanomalzeme, Giines 1ginimi.
1. Introduction

In recent years, advanced and functional materials are needed in photovoltaic applications [1]. Solar tracking
systems are one of the most important systems used in recent years to increase the gathering efficiency of solar
energy [2, 3]. In these systems, photodiodes are generally preferred sensors for direct detection of light [4, 5]. The
researches on metal oxide semiconductors are increasing day by day in many fields. This is because metal oxide
semiconductors such as ZnO, TiO,, SnO,, NiO and CdO have unique physical and chemical properties. Therefore,

: Corresponding author: ezgigurgenc89@gmail.com. ORCID Number of authors: * 0000-0002-0653-4041, 20000-0003-4892-2277, 2 0000-
0002-5304-0503
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these oxides have become very interesting materials in electronic and optoelectronic applications [6-8]. Among
these metal oxide semiconductors, ZnO (n-type) is very interesting because of its properties such as, has a direct
and wide (~3.3 eV) energy band gap, can be directed optical and electrical properties by doping, high exciton
binding energy, relatively low toxicity and relatively low processing temperature. Due to these properties, it finds
use in many electrical and optoelectronic applications [9, 10]. NiO is another promising p-type metal oxide
semiconductor in electronic and optoelectronic devices due to its excellent optoelectronic properties, wide band
gap (3.6-4.0 eV), low cost, high chemical and thermal stability [11-14]. The properties of photodiodes can be
modified and improved by doping with a different element. One of the methods used to change and improve the
properties of photodiodes is to obtain a new composite structure by mixing various semiconductor metal oxides in
different ratios, in addition to doping [15-18]. The devices consisting of (p-n) NiO:ZnO heterojunction thin films
are one of the promising alternatives for optoelectronic and photovoltaic applications [19].

ZnO and NiO thin films can be produced by methods such as (Direct Current) DC and RF (Radio frequency)
sputtering, sol-gel, chemical vapour deposition (CVD), pulsed laser deposition and spray pyrolysis [20]. Among
these methods, the sol-gel spin coating method has advantages such as allowing a large area to be coating,
simplicity of the process, controllable thickness, low temperature and low cost [12, 19, 20].

Park et al., have performed gradual ZnO and NiO composite coatings on ITO glass using the sol-gel spin
coating method. They performed the structural characterization of the thin films they produced and investigated
the photodiode properties [19]. Again, Tyagi et al., first coated ZnO thin film with RF magnetron sputtering
technique on ITO glass, and then formed a composite structure by coating NiO on ZnO with the same method.
They investigated the structural, electrical and photoresponse properties of the photodiode they produced [21].
Demirezen et al., obtained ZnO:NiO thin film on the p-Si layer by spin coating method by mixing 2%, 10% and
20% NiO with ZnO and PCBM was coated on this layer. Thus, composite Al/(PCBM/NiO ZnO)/p-Si photodiodes
were produced. They investigated the electrical and photo-sensing properties of the photodiodes they produced
[22]. As seen in the literature, there is not much work on the coating of NiO:ZnO on p-Si by dynamic spin coating
method and investigating its electrical and photoresponse properties. Therefore, in this study, NiO:ZnO/p-Si
composite photodiodes were produced to obtain photodiodes with different properties and their photodiode
properties were investigated.

In this study, NiO:ZnO/p-Si composite photodiodes were fabricated by dynamic sol-gel spin coating. The
structural and morphological properties of the thin films coatings were characterized by XRD, FE-SEM and EDX.
The photoresponse and electrical properties were investigated by I-V and C-V analyses.

2. Experimental Details

In this study, NiO:ZnO thin films were formed on p-Si layers by dynamic sol-gel spin coating method. The
(100) orientation, 600 um thickness and 1-10 cm-Q resistance p-Si layers were first cleaned in acetone in an
ultrasonic bath for 5 minutes. After this process, it was rinsed in an ultrasonic bath in deionized water at the same
amount of time. The same procedures were repeated with ethanol and distilled water, and finally, p-Si plates were
immersed in HF:H>O solution mixed at a ratio of 1:10 for 30 seconds and then rinsed in deionized water in an
ultrasonic bath for 5 minutes. The opaque sides of the plates dried with nitrogen gas were coated with 150 nm
thick Al (99.99% purity) by Nanovak brand vacuum thermal evaporation device. Then, the plates were annealed
under nitrogen gas in an oven at 570 °C for 5 minutes. To produce pure NiO thin films, 0.5 M Carlo Erba brand
Nickel (I1) acetate tetrahydrate (Ni(OCOCHs), - 4H,O) was poured into 10 ml of Chemsolute brand 2-
methoxyethanol (CH;OCH,CH,OH) and mixed with a magnetic stirrer. After all the powders were dissolved,
Chemsolute brand monoethanolamine (NH,CH,CH,OH) was added to this mixture in the same molar ratio while
the mixing process was continuing, and the sol-gel was obtained by mixing together at 80 °C for 2 h. After resting
for one day, this sol-gel was coated on p-Si plates cut into certain sizes at 3000 rpm for 30 seconds. The coating
process was performed on the FYTRONIX spin coating device in dynamic mode. The coated samples were dried
at 150 °C for 10 minutes, and after this process, they were allowed to cool at room temperature for 10 minutes. By
repeating the same processes, one more layer of coating was formed. The produced thin films were annealed at
450 °C for 1 h. The coated surfaces were covered with 99.99% pure Al using a Nanovak brand vacuum thermal
evaporator with a physical mask, and thus top contacts were obtained on thin films. The same procedures were
repeated to produce pure ZnO photodiodes, with the only difference being that Sigma Aldrich brand Zinc acetate
dihydrate (Zn(CH3COO); - 2H,0) was used instead of Ni(OCOCHj3) - 4H20. In composite NiO:ZnO photodiodes,
on the other hand, Ni(OCOCH?3). - 4H>0O/ (CHsCOO):Zn - 2H-0 was used in molar ratios of 3:1, 1:1 and 1:3 with
a total of 0.5 M. XRD analyses of thin films were performed in PANalytical Empyrean brand XRD device at 45
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kV/40 mA, CuKa (A = 1.5406 °A) radiation and 26 = 20 - 80°. Surface properties and compositions of thin films
were determined with Zeiss Crossbeam 540 brand FE-SEM device and EDX. The photoresponse and electrical
characterizations were performed using KEITHLEY 4200 semiconductor analysis system and FYTRONIX brand
solar simulator.

3. Results and Discussion
3.1. Structural and Morphological Properties of NiO:ZnO/p-Si Thin Films

The XRD analysis results of the produced NiO:ZnO thin films are shown in Figure 1. As can be seen, intense
peaks occurred at 37.26°, 43.30°, 62.92°, 75.48° and 79.44° 26 degrees in pure NiO. These peaks are consistent
with JCPDS card no. 47-1049 [23-25] and correspond to planes (111), (200), (220), (311) and (222), respectively.
The peaks in (100), (002), (101), (102), (110), (103), (200), (112), (201), (004) and (202) planes in pure ZnO
observed at 31.85°, 34.50°, 36.32°, 47.63°, 56.67°, 62.94°, 66.46°, 68.01°, 69.14°, 72.63° and 77.07° 20 degrees,
respectively. The peaks are in agreement with the JCPDS card no. 36-1451 and literature studies and show that
the produced ZnO films are in hexagonal wurtzite structure [26-29]. The (111) and (200) planes seen in high
density in pure NiO are attributed to the crystalline nature of NiO [23-25] and different peaks in pure ZnO indicate
that ZnO is polycrystalline [30]. On the other hand, characteristic peaks of both oxides were found in composite
thin films. Although the intensities and positions of the peaks change, they are in agreement with the XRD patterns
of pure NiO and pure ZnO. The intensities of characteristic peaks of NiO and ZnO increased as their ratio in the
composite increased. No impurities or peaks of a different phase were found in pure and composite thin films. This
indicates that the NiO:ZnO films were successfully formed and high purity.
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Figure 1. The XRD patterns of NiO:ZnO thin films.

Figure 2 shows FE-SEM images and EDX analysis results of NiO:ZnO thin films. All thin films were
successfully coated on p-Si in a crack-free and homogeneously. Thin films are composed of nanostructures. These
structures are in the form of aggregated fine-grained nanoparticles in NiO. In ZnO, on the other hand, it is
composed of fiber-like structures in addition to the same structures [31]. The composite thin films are composed
of aggregated fine-grained nanoparticles that are somewhat larger than pure NiO and ZnO. When the EDX analysis
results were examined, it was seen that they were in agreement with the XRD analysis results and the doping ratio.
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These results show that NiO:ZnO thin films were successfully formed on p-Si by dynamic sol-gel spin coating
method.

yo

Figure 2. The FE-SEM images and EDX analysis results of NiO:ZnQ thin films.

3.2. 1-V Characteristics of Prepared Photodiodes

The I-V characteristics of the produced NiO:ZnO/p-Si photodiodes in the dark and at light intensities varying
between 20 and 100 mW/cm? are shown in Figure 3. All samples showed rectifying properties. Except for the
photodiode with a NiO:ZnO ratio of 3:1, it was observed that the current in the forward region was not affected
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much by the light intensity in other photodiodes. In this sample, on the other hand, variations in current values
were observed in the range of approximately 2.5-3.5 V. In the reverse region, the current was affected by the light
intensity and as the light intensity increased, the current increased. This shows that the produced devices exhibit
photodiode behaviour and it is thought that this is due to the spread of the electron-hole pair over a wider area in
the reverse bias region [17, 27]. The results indicate that photodiodes exhibit photoconductive behaviour and the
photoconductive behaviour can be controlled by changing the NiO:ZnO ratio. The photosensitivity values of the
photodiodes were found at -5V using the Equation 1 given below [5].

PS = Iph_ldark (1)

ldark

In this equation, Iyn represents the photocurrent and lqark represents the current in the dark. The photosensitivity
values of the produced photodiodes are shown in Figure 4. The photosensitivity of photodiodes under illumination
was higher than in the dark state and increased with increasing illumination intensity. The composite photodiodes
are more sensitive to light than pure ones and decrease as the ZnQO ratio increased. The photodiode with the highest
sensitivity to light is the NiO:ZnO ratio of 3:1 and the highest photosensitivity is 3.12 x 10 at 100 mW/cm? light
intensity in this device. The results show that photoresponse can be controlled by changing the NiO:ZnO ratio and
the produced photodiodes can be used as photodiodes in solar tracking systems [1]. The photoresponsivity (Pr) of
the produced photodiodes was determined using Equation 2 given below [12].

_ Ipn—Idark
Pp=—"— (2)
where P is the light intensity and A is the surface area of the photodiode. The Pr values of the devices under 100
mW/cm? light intensity are 4.83 x 10* A/W, 1.49 x 103 A/W, 2.46 x 10 A/W, 1.54 x 10* A/W and 2.12 10* A/W
for 1:0, 0:1, 3:1, 1:1 and 1:3 respectively according to the NiO:ZnO ratio. All photodiodes are sensitive to light.
The Pr values of photodiodes can be varied by changing the NiO:ZnO ratio.

The I-t characterizations of photodiodes have an important place in understanding their photoconductive
behaviour. The I-t graphs of the produced NiO:ZnO/p-Si photodiodes at light intensities varying between 20 and
100 mW/cm? and at -5V are shown in Figure 5. As can be seen, the photocurrents increased as the light intensity
increased. This proves that the photodiodes show photoconductive behaviour [27, 32]. When the devices were
illuminated, the photocurrent suddenly increased to a certain level and fell back to its previous level after the
lighting was turned off. When the illumination is first turned on, there is an increase in free charge carriers and in
this case photogenerated electrons contribute to the photocurrent. When the illumination is turned off, the charge
carriers are trapped in the lower levels, thus reducing the photocurrent [17, 27, 32]. The highest photoconductivity
value was obtained in pure ZnO photodiode and the photoconductivity of composite photodiodes is lower. The
results show that the photoconductivity properties of the photodiodes can be controlled by the NiO:ZnO ratio.
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Figure 3. I-V graphs of NiO:ZnO/p-Si photodiodes under dark and various illuminations.
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115

30 35 40



Production and Characterization of Al/NiO:ZnO/p-Si/Al Composite Photodiodes for Solar Energy Tracking Systems

3.3. C-V Characteristics of Prepared Photodiodes

The C-V characteristics of photodiodes are used to better characterize their electrical behaviour. The C-V
characteristics of the produced photodiodes at frequencies ranging from 10 kHz to 1MHz are shown in Figure 6.
As can be seen, the capacitance decreased as the frequency increased in all photodiodes. In the NiO photodiode, a
peak occurred in the reverse bias region at a frequency of 10 kHz. At frequencies higher than this, the peaks
occurred in the forward bias. It is thought that the peaks in the C-V graphs occur due to the presence of interfacial
charge carriers and series resistance. In ZnO and composite photodiodes, while the photodiode capacitance
changes with frequency in the reverse bias region, the capacitance in the forward bias region generally does not
change with frequency. It is thought that the change in the negative region is due to the change of the depletion

region of the device depending on the applied voltage and the response of the interface states in different frequency
and electric fields [1, 33].
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Figure 6. C-V characteristics of NiO:ZnO/p-Si photodiodes.

Series resistance (Rs)-V curves are shown in Figure 7. The Rs values decreased as the frequency increased in
the accumulation and depletion region and was especially high at low frequency. In the non-ideal behaviour of
diodes and deviations have an important place, and therefore Rs has a great importance. The peak values of the
Rs-V curves also decreased as the frequency increased, and the peak positions changed depending on the Voltage
and the NiO:ZnO ratio. It is thought that this situation is caused by the interface conditions that follow the AC
signal more easily at low frequencies and the relaxation time of the charges [22].
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Figure 7. Rs-V characteristics of NiO:ZnO/p-Si photodiodes.

4, Conclusions

The NiO:ZnO/p-Si composite photodiodes were successfully fabricated using the dynamic sol-gel spin
coating method. Characteristic peaks of NiO and ZnO were found in the composite thin films and it was observed
that their intensity increased as their ratio in the composite increased. It was determined that NiO:ZnO thin films
consisted of aggregated fine-grained nanoparticles. It was concluded that NiO:ZnO/p-Si composite Photodiodes
are light sensitive. It has been seen that the photoresponse, photocurrent and capacitance properties of photodiodes
can be controlled by light. The highest photosensitivity value was measured as 3.12 x 102 in the photodiode with
a NiO:ZnO ratio of 3:1. It was seen that NiO:ZnO/p-Si composite photodiodes showed rectifying property and it
was concluded that they exhibited photoconductive behaviour. It was observed that the voltage and frequency
affected the electrical properties of the photodiodes. It was concluded that photodiodes with different properties
can be obtained according to the NiO:ZnO ratio. The results show that, NiO:ZnO/p-Si composite photodiodes can
find use in solar energy tracking systems and optoelectronic applications.
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Abstract: Automatic classification of food products according to their types is one of the most common problems in computer
vision. In this paper, automatic classification was performed using two different vegetable and fruit datasets. A deep learning-
based transfer learning approach is used for the automatic fruit and vegetable classification problem. The first dataset (DB1)
used in the study consists of 21000 images and the second dataset (DB2) consists of 980 images. In addition, the first dataset
contains 15 classes and the second dataset contains 20 classes. SqueezeNet architecture is used for feature extraction in the
developed deep learning-based machine learning model. In addition, the ReliefF method was used for feature selection and the
most significant features were determined by eliminating negative features. In the classification phase of the developed
application, Linear Discriminant Analysis (LDA) method was preferred. In this study, hold-out and 10-fold cross validation
techniques were used for DB1. Also, 10-fold cross validation was used for DB2. An accuracy value of over 99% was obtained
for both DB1 and DB2. The obtained results of the study show that the proposed method can be used successfully in automatic
vegetable and fruit classification.

Key words: Vegetable and fruit classification, SqueezeNet, ReliefF, Linear Discriminant Analysis.

SqueezeNet tabanh Derin Oznitelik Olusturucu ile Sebze ve Meyve Goriintii Stniflandirmasi

Oz: Gida iiriinlerinin tiirlerine gore otomatik siniflandirilmasi bilgisayarli gorme alaninda siklikla karsilasilan problemlerden
biridir. Bu ¢alismada, iki farkli sebze ve meyve veri seti kullanilarak otomatik siniflandirma yapilmistir. Otomatik meyve ve
sebze smiflandirma problemi i¢in derin 6grenme tabanli 6grenme aktarimi yaklagimi kullanilmustir. Calismada kullanilan
birinci veri seti (DB1) 21000 goriintiiden olugmaktadir ve ikinci veriseti (DB2) 980 goriintiiden meydana gelmektedir. Ayrica,
ilk veri seti 15 smiftan ve ikinci veri seti 20 smiftan olugmaktadir. Gelistirilen derin 6grenme tabanli makine §grenmesi
modelinde 6zellik ¢ikarimi igin SqueezeNet mimarisi kullanilmaktadir. Ayrica 6zellik se¢imi i¢in ReliefF yontemi kullanilmig
ve bu sayede negatif 6zellikler elimine edilerek en anlamli 6zellikler belirlenmistir. Gelistirilen uygulamanin siniflandirma
fazinda Lineer Diskriminant Analizi (LDA) yontemi tercih edilmistir. Bu g¢aligmada, hold-out ve 10-katlamali gapraz
dogrulama teknikleri DB1 i¢in kullanilmistir. Ayrica, 10-kat ¢apraz dogrulama teknigi DB2 i¢in kullanilmigtir. Hem DB1 hem
de DB2 i¢in %99 iizerinde bir dogruluk degeri elde edilmistir. Calisma kapsaminda elde edilen sonuglar, dnerilen yontemin
otomatik sebze siniflandirmada bagarili bir sekilde kullanilabilecegini gostermektedir.

Anahtar kelimeler: Sebze ve meyve siniflandirma, SqueezeNet, ReliefF, Lineer Diskriminant Analizi.
1. Giris

Vegetable is the name given to the part of the plant that is consumed by humans and animals [1]. Vegetables
are produced in almost many parts of the world and these vegetables are consumed by humans and animals. With
this type of food in the food pyramid, people can meet their various vitamin and mineral needs [2,3].

Nowadays, computer vision is actively used in many fields [4]. Areas such as mass production sites,
automobile factories and textiles are among these sectors [5,6]. Another area where computer technology is
actively used is the food industry [7]. Various tasks such as automatic quality control, product counting, product
classification can be performed with these approaches [8]. In this way, food products can be evaluated in many
ways [9]. At this point, vegetable and fruit classification is seen as a very important issue. Because vegetable and
fruit food groups contain some manual processes from the production stage to the delivery stage. The similarities
between vegetables and fruits, also various parameters such as color, texture, size can sometimes challenge
automatic classification approaches [10]. For this reason, automatic classification of these and similar foods
according to their types becomes a very important issue.

The topic of automatic vegetable classification in the literature is a problem that has been studied for a long
time and continues to be studied. Some studies on this subject are summarized in Table 1.
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Table 1. Literature review on vegetable and fruit classification

Author(s) Year | Method Dataset Type Result(s)
Information (Vegetable/Fruit)

F. Yuesheng et. al. | 2021 | GoogleNet based CNN 6 class and 6600 | Mixed Accuracy=98.82

[11] image

J. K. Bhavya et. al. | 2021 | CNN 24 class and 3924 | Mixed Accuracy=95.5

[12] images

R. S. Latha et. al. | 2021 | Custom design CNN 12 class and 6783 | Mixed Accuracy=97.4

[13] images

M. I. Ahmed et al. | 2021 | Custom design CNN 15 class and 21000 | Vegetable Accuracy=97.5

[14] images

O. Patil and V. | 2018 | Image preprocessing and | 4 class and 1200 | Vegetable Accuracy=99

Gaikwad [15] InceptionV3 images

H. Kuang et. al. [16] | 2018 | Fused HOG, Local Binary Pattern | 5 class and 20433 | Fruits Accuracy=99.5

(LBP) and GaborLBP images

Z. Yuhuiet. al. [17] | 2021 | Custom designed deep CNN 20 class and 10756 | Mixed Accuracy=95.67
images

J. L. Joseph et. al. | 2021 | Custom designed CNN 131 class and 90483 | Mixed Accuracy=94.35

[18] images

As can be seen from Table 1, there are various studies in the literature for automatic fruit and vegetable
classification. Although recent studies are summarized in Table 1, there are previous studies on this subject. In this
table, only fruit and vegetable classification is focused on. Studies carried out for the food industry are not only
about classification. There are also studies on various subjects such as sorting vegetables and fruits according to
their quality, freshness control, and whether there is a disease in foods.

The automatic classification problem is one of the hot topics studied in many different areas in the literature
[19,20]. The approach that is frequently used in this type of problem is deep learning and machine learning methods
[21,22]. In this paper, automatic vegetable classification was investigated. In developed model for this purpose,
deep feature extraction based on SqueezeNet [23,24], feature selection based on ReliefF [25] method and
classification with LDA [26] method were performed. The main motivation of this study is to develop a high-
performance, easy-to-use and easy-to-apply model on large datasets. For this purpose, a vegetable and fruit dataset
consisting of 21000 and 980 images was used and the developed model was validated on these datasets. In addition,
most of the methods developed in the literature use deep learning methods and the designed deep networks are
trained end-to-end. In this study, deep network architectures are used as a feature extractor. Transfer learning
approach is used for this process and a feature vector is obtained from each image. In the next phase of the model,
the feature selection process is applied, and the most significant features are selected and the feature vector is
reduced. In this way, it is aimed to reduce computational complexity. In the last phase of the model, the
classification process was carried out with the LDA algorithm, which is a well-known and fast-running method in
the literature. Some contributions of the proposed method in this study are given below:

o Deep learning approaches are very popular in the literature. Pre-trained deep networks and custom
designs are frequently used, especially in image-related fields. Although these approaches produce
successful results, they are methods with high computational complexity. In particular, end-to-end
training of a deep network architecture consumes a lot of time. In this study, contrary to the literature,
pre-trained deep network architectures were used as feature extractors. In this way, a new feature
extractor with low computational complexity is provided.

e The proposed model in this study has been tested with a large dataset. Three different cases were
created for the test process and all the images in the dataset were used in the test process. In addition,
two different validation methods were used in the study. These are hold-out and k-fold cross
validation, respectively. The model developed in both validation methods and datasets has achieved
99% and above accuracy. In terms of dataset size (class and humber of images), the proposed method
produced quite good results compared to the literature.

The remainder of the paper is organized as follows. In the second section, the used datasets to test the
developed model are examined. In the third section of the study, the details of the model developed for automatic
vegetable and fruit classification are shared. In the fourth section, the obtained results from the proposed method
are given. In the fifth and final section, conclusions and future works are given.
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2. Material

Two data sets (DB1 and DB2) were used to test the developed model. Details of these datasets are given in
the subsection.

2.1. First Dataset (DB1)

In this paper, a new deep learning-based vegetable classification model was developed. In the model
developed, an open access dataset was used and this dataset consists of 21,000 images [14,27]. In addition, the
dataset contains 1400 images of 15 different vegetable species in total. Some information about the dataset is
presented in Table 2.

Table 2. Detailed features of DB1

Features Values
Number of classes 15
Bean, Bitter Gourd, Bottle Gourd, Brinjal, Broccoli, Cabbage,
Class names Capsicum, Carrot, Cauliflower, Cucumber, Papaya, Potato,
Pumpkin, Radish, Tomato
Total number of images 21,000
Number of images in each class 1400
Image type JPG
Images of size 224x224

This dataset, which is shared as open access, is divided into three as training, testing and validation. The
training group contains 15,000 images, the test group contains 3,000 images, and the validation group contains
3,000 images. In this paper, the developed model was tested in two different ways. In the first test phase, all of
these groups were combined and classified using the hold-out validation technique. In the second test phase of the
developed model, 10-fold cross validation was applied to the test and validation groups, separately. Some sample
images used in the testing phase of the study are shown in Figure 1.

“r AN
(i) Cauliflower  (j) Cucumber

P :

7

Papaya () Potato () Pumpkn (n) Radish (o) Tomato
Figure 1. Vegetable images in the DB1

2.2. Second Dataset (DB2)

Another dataset used in the study is named DB2 [28]. This dataset contains various vegetable and fruit images
belonging to 20 classes. There are a total of 980 images in the DB2 and available as open access. Details of this
dataset are presented in Table 3. Since DB2's data size is small, only 10-fold cross validation technique is used on
this dataset in testing phase. Some sample images from this dataset used in the test phase are given in Figure 2.
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Table 3. Detailed features of DB2

Features Values
Number of classes 20
Apple, Bitter Melon, Brinjal Dotted, Chili, Fig, Green Orange, Green Pepper,
Class names Khira, Kiwi, Onion, Red Pepper, Pomegranate, Red Cabbage, Sapodilla,
Kundru, Sponge Gourd, Strawberry, Green Tomato, Red Tomato, Watermelon
Total number of images 980
Number of images in each class 50 (Only green orange is 30)
Image type JPG
Images of size Various sizes

e
(a) Apple (b) Bitter Melon (c) Brinjal Dotted (d) Chili (e) Fig

(f) Green Orange

P

(k) Red Pepper (I) Pomegranate (m) Red Cabbage (n) Sapodilla (0) Kundru
(p) Sponge Gourd (r) Strawberry (s) Green Tomato (t) Red Tomato (u) Watermelon

Figure 2. Vegetable and fruit images in the DB2

3. Automatic Vegetable Classification Model based on SqueezeNet

In this study, a deep learning-based automatic vegetable classification model was developed. The developed
model basically consists of 3 steps. These steps are feature extraction, feature selection and classification,
respectively. In the first step of the developed model, features were extracted from the images using the pre-trained
SqueezeNet deep network architecture. In the second phase of the model, the most significant features were
selected using the ReliefF approach. In the classification phase of the application, the LDA method was used. The
steps of the developed model are shared in the subsections. In addition, the flowchart of the proposed method is
presented in Figure 3.
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DB1 and DB2

ReliefF based
Feature Selection

Class Label

Figure 3. Flowchart of the proposed method

3.1. Deep Feature Extraction with SqueezeNet

In the developed model, feature extraction was carried out with the transfer learning approach. For this
purpose, the pre-trained SqueezeNet deep learning model was used and a feature matrix was obtained using this
model. For this process, the “GlobalAveragePooling” layer of the SqueezeNet architecture was used, and 1000
features were obtained for each image from this layer. With this approach, features are acquired without the need

for retraining the network. A block diagram summarizing the feature extraction step of the developed model is
given in Figure 4.

Step 1: Extract deep feature from vegetable images using SqueezeNet architecture
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Figure 4. Feature extraction with SqueezeNet architecture
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3.2. Feature Selection

The second step of the developed model is feature selection. Feature selection is an approach frequently used
in machine learning methods. Thanks to this step, the performance of the classification process is increased by
selecting the most meaningful features. In addition, as meaningless features are eliminated, computational
complexity is reduced. ReliefF feature selection method is utilized in this step of the developed model. In this
method, a weight value is calculated for each feature in the feature vector. Calculated weight values can be positive
or negative. Positive weight value represents the most significant feature, while negative values represent
meaningless features. For this reason, a threshold value was set in order to eliminate features with negative weight
in the study and this threshold value was determined as 0.01. In other words, the features with a weight of 0.01
and above, which were calculated during the feature selection stage, were taken into account. A pseudocode for
the ReliefF algorithm used in the developed model is given in Algorithm 1.

Step 2: Select feature with ReliefF algorithm using Algorithm 1

Algorithm 1. ReliefF algorithm based feature selection
Input: Feature vector (fv) with size of 1000 and labels (Ibl)
Output: Selected features (sf) with the size of L
[idx,weights]=relieff(fv, Ibl, 10);
count =1;
for i=1to 1000 do
if weights(i) > 0.01
sf (z,count) = fv (3,i);
count = count + 1;
end if
i=i+1;
end for i

=

3.3. Classification

The last step of the automatic vegetable and fruit classification model implemented in this study is
classification. LDA algorithm was utilized in the classification phase of the model. LDA algorithm is a very simple,
fast and a classification method that produces good results. MATLAB Classification Learner Toolbox (MCLT)
was used in the classification phase. In addition, hold-out and k-fold cross validation methods were used as
validation techniques for DB1. In the hold-out validation technique, the train/test ratio was determined as 80:20.
In the k-fold cross validation method, the k value was determined as 10. In the test process for DB2, only the 10-
fold cross validation technique was applied.

Step 3: Classify selected features using the LDA method
4. Performance Analysis

In this study, an automated deep learning approach is developed to distinguish vegetables and fruits. The
developed model uses the SqueezeNet deep network architecture and extracts deep features with this network. In
addition, the most significant features were selected using the ReliefF algorithm and these features were classified
with the LDA algorithm. Hold-Out (80:20) and 10-fold cross validation methods were used to validate the
developed model on DB1 and DB2. The model was coded on the MATLAB 2021b platform and features were
classified using MCLT. The features of the computer used in the development and testing phases of the model are
given in Table 4.

Table 4. PC features used in the study

Features Values
CPU Intel Xeon 2.70GHz
RAM 256 GB
Harddisk 512 GB SSD
Operating System Windows Server 2019
Platform Matlab 2021b
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4.1. Results

In this paper, the two open access vegetable and fruit dataset was used. The first dataset, DB1 contains 21,000
images of 15 different species. This dataset is basically divided into three groups. These are training, testing and
validation, respectively. Three different tests were performed on this dataset. First, all groups are combined and a
single test set with 21000 images is obtained. The model developed for this group was tested with the hold-out
(80:20) method. In the second test phase, the test set in the dataset was used and test process was carried out with
10-fold cross validation method. In the third test performed in the study, the validation set was used and the 10-
fold cross validation method was preferred. Another dataset used in the study is DB2 and contains 980 images.
This dataset has 20 classes. 10-fold cross validation technique has been applied for DB2. As a result of each test
process, a confusion matrix was obtained and performance metrics were calculated using this matrix. These
calculated metric values are accuracy, recall, precision and f-measure, respectively. The mathematical equivalent
of these performance metric values are given in Equation (1)-(4) [29].

p B TP +TN 1)
Couracy = Tp I TN + FP + FN
TP 2)
Recall = m
. TP )
Precision = W
2 * precision * recall 4
Freasure =

precision + recall

In this paper, three test cases for DB1 and one test case for DB2 were created. Detailed explanation of these
tests and the results obtained from the test procedures are given in the subsections.

4.1.1. Case 1: Hold-Out (80:20) validation by using all images in DB1

Three different test procedures for DB1 were applied in the test phase of the developed model. The first of
these tests was carried out using the hold-out (80:20) technique. In this test process, images divided into three
groups (training, testing and validation) in the dataset were collected in a single group and all 21000 images were
taken into account in the test process. In this test approach, 80:20 hold-out validation was utilized and the obtained
confusion matrix is given in Figure 4. The calculated performance metric values are presented in Table 4.
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Figure 4. Confusion matrix for hold-out (80:20) validation on DB1
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Table 4. Performance metric results for hold-out validation on DB1

Class No | Class Label | Recall | Precision | F-Measure | Avg. Accuracy
1 Bean 1 0.9929 0.9964
2 Bitter Gourd | 0.9964 0.9964 0.9964
3 Bottle Gourd 1 0.9964 0.9982
4 Brinjal 0.9929 0.9893 0.9911
5 Broccoli 0.9929 1 0.9964
6 Cabbage 1 0.9929 0.9964
7 Capsicum 1 1 1
8 Carrot 1 1 1
9 Cauliflower | 0.9929 1 0.9964 0.9969
10 Cucumber | 0.9929 0.9964 0.9946
11 Papaya 0.9929 0.9929 0.9929
12 Potato 1 0.9964 0.9982
13 Pumpkin 0.9964 1 0.9982
14 Radish 0.9964 1 0.9982
15 Tomato 1 1 1
Avg. 0.9969 0.9969 0.9969

4.1.2. Case 2: 10-fold cross validation for “test” set in DB1 dataset

In the second test of the developed model, the test set in the dataset was used. The test set in the dataset
contains 200 images for each label. This set consists of a total of 3000 images. In this test phase, 10-fold cross
validation technique was utilized and obtained confusion matrix is given in Figure 5. The performance metric
values calculated for this test process are shared in Table 5.
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Figure 5. Confusion matrix for 10-fold cross validation (test set in DB1)

Table 5. Performance metric results for 10-fold cross validation (test set in DB1)

Class No | Class Label | Recall | Precision | F-Measure | Avg. Accuracy

1 Bean 1 0.9804 0.9901

2 Bitter Gourd | 0.9800 1 0.9899

3 Bottle Gourd 1 1 1

4 Brinjal 1 0.9852 0.9926 0.9940

5 Broccoli 0.9950 1 0.9975

6 Cabbage 0.9900 0.9950 0.9925

7 Capsicum 0.9950 1 0.9975
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8 Carrot 1 1 1
9 Cauliflower | 0.9950 0.9900 0.9925
10 Cucumber 0.9850 0.9752 0.9801
11 Papaya 0.9800 0.9949 0.9874
12 Potato 1 1 1
13 Pumpkin 0.9900 1 0.9950
14 Radish 1 1 1
15 Tomato 1 0.9901 0.9950
Avg. 0.9940 0.9941 0.9940

4.1.3. Case 3: 10-fold cross validation for “validation” set in DB1 dataset

In the third test of the model, the validation set in the dataset was used. This group contains 200 images for
each vegetable type and a total of 3000 images. As in Case 2, the 10-fold cross validation method was used in this
test phase as well. The confusion matrix obtained as a result of test is given in Figure 6 and the performance metric
values are given in Table 6.
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Figure 6. Confusion matrix for 10-fold cross validation (validation set in DB1)

Table 6. Performance metric results for 10-fold cross validation (validation set in DB1)

Class No | Class Label | Recall | Precision | F-Measure | Avg. Accuracy
1 Bean 1 0.9852 0.9926
2 Bitter Gourd | 0.9950 1 0.9975
3 Bottle Gourd | 0.9900 1 0.9950
4 Brinjal 0.9900 0.9706 0.9802
5 Broccoli 0.9900 1 0.9950
6 Cabbage 1 0.9852 0.9926
7 Capsicum 1 1 1
8 Carrot 0.9950 1 0.9975
9 Cauliflower | 0.9750 1 0.9873 0.9933
10 Cucumber | 0.9900 0.9950 0.9925
11 Papaya 0.9850 0.9899 0.9875
12 Potato 1 0.9950 0.9975
13 Pumpkin 0.9900 0.9950 0.9925
14 Radish 1 0.9950 0.9975
15 Tomato 1 0.9901 0.9950
Avg. 0.9933 0.9934 0.9933
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4.2.1. Case 1: 10-fold cross validation for DB2 dataset

The developed model was validated using 2 different datasets. The second dataset used in the study is named
DB2 and contains 980 images and 20 classes. Since the size of this dataset is small, validation was performed
using the 10-fold cross validation technique. The confusion matrix obtained using this dataset is given in Figure
7. In addition, the calculated performance metric values using the confusion matrix are presented in Table 7.
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Figure 6. Confusion matrix for 10-fold cross validation (DB2)

Table 6. Performance metric results for 10-fold cross validation

Class No | Class Label | Recall | Precision | F-Measure | Avg. Accuracy
1 Apple 1 1 1
2 Bitter Melon 1 1 1
3 Brinjal Dotted 1 1 1
4 Chili 1 1 1
5 Fig 1 1 1
6 Green Orange 1 1 1
7 Green Pepper 1 1 1
8 Khira 1 1 1
9 Kiwi 1 1 1
10 Onion 1 1 1
11 Red Pepper 1 1 1 1
12 Pomegranate 1 1 1
13 Red Cabbage 1 1 1
14 Sapodilla 1 1 1
15 Kundru 1 1 1
16 Sponge Gourd 1 1 1
17 Strawberry 1 1 1
18 Green Tomato 1 1 1
19 Red Tomato 1 1 1

20 Watermelon 1 1 1
Avg. 1 1 1

4, Discussion

Nowadays, computer-based automatic classification is actively used in many different fields. In this study,
two different datasets were used for automatic classification of vegetables. In addition, a new machine learning
model based on deep learning has been developed. In the first stage of the developed model, deep feature extraction
was applied. At this stage, SqueezeNet architecture is used. Before choosing this architecture, other pre-trained
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deep network architectures were also tested on DB1. In the test process, the feature vector obtained from each

deep network was tested with SVM and the highest accuracy was achieved with the SqueezeNet architecture. The
tested other deep network architectures and the obtained accuracies are shown in Figure 7.
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Figure 7. Performances of deep feature extractors

As can be seen from Figure 7, the best accuracy value was obtained with the SqueezeNet architecture. For
this reason, this architecture was preferred in the study and the application was developed using this architecture.
In addition, 5 different classification algorithms were tested to determine the best classifier in the developed model.

These are Tree, LDA, Support Vector Machine (SVM), k-Nearest Neighbor (kNN) and Neural Network (NN),
respectively. The accuracy values obtained using these methods are shown in Figure 8.
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Figure 8. Performances of classifiers
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As can be seen from Figure 8, the best accuracy was obtained with the LDA algorithm. After all the methods
were determined in this way, the test phase of the developed model was started. Two different datasets were used
in the test phase. These are DB1 and DB2 respectively. Two different validation techniques have been used for
DB1, these methods are hold-out and 10-fold cross validation, respectively. Three cases have been created for
DBL1. In the first case, all images were used and validation was made with the hold-out method. In the second and
third cases, test and validation sets were used, respectively, and classification was made with the 10-fold cross
validation method. Accuracy of 99.69%, 99.4% and 99.33% was achieved for Case 1, Case 2 and Case 3,
respectively. In addition, another dataset named DB2 was used in the study. In this dataset, classification was made
with 10-fold cross validation method and 100% accuracy value was obtained. The obtained results reveal the
success of the proposed method. A comparison of the studies performed for automatic vegetable and fruit

classification is given in Table 7.

Table 7. Comparisons of state-of-the art on automatic vegetable and fruit classification

Author(s) Year | Method Validation(s) Result(s)

M. I. Ahmed et. al. | 2021 | Custom CNN Hold-out (70:15:15) Accuracy=97.5%
[14]

H. Kuang et. al. [16] 2018 | Fused HOG, Local Binary Pattern (LBP), GaborLBP | 5-fold cross validation | Accuracy=%98.5
Z. M. Khaing et. al. | 2018 | Custom CNN Accuracy=%94
[30]

M. S. Hossain et. al. | 2019 | VGG-16 Fine tuning Hold-out (85:15) Accuracy=%99.75
[31]

S.Jana et. al. [32]

2020

Otsu threshold, fractal dimension calculation, gray-
level co-occurrence matrix and Naive bayes

Accuracy=%98.33

S. W. SideHabi et. al.
[33]

2018

K-Means clustering, RGB and A features and
artificial neural network

5-fold cross validation

Accuracy=%90

Case 3: 10-fold cross
validation

D. Hussain et. al. [34] | 2022 | Deep CNN Accuracy=%96
R.S.Lathaet.al. [13] | 2021 | Custom CNN --- Accuracy=%98
L. Rajasekar and D. | 2019 | Color, shape and texture features, k-Nearest | 10-fold cross | Accuracy=%97.5
Sharmila [35] Neighbor validation
0. . Alvarez- | 2020 | Data augmentation, AlexNet based custom CNN Hold-out (80:20) Accuracy=%98.12
Canchila et. al. [36]
This study Deep feature extraction (SqueezeNet), ReliefF and | Case 1: Hold-Out | DB1-Case 1: 21000
LDA (80:20) image
Case 2: 10-fold cross | Accuracy: 99.69
validation Recall: 99.69

Precision: 99.69
F-Measure: 99.69

DB1-Case 2: 3000
image

Accuracy: 99.40
Recall: 99.40
Precision: 99.41
F-Measure: 99.40

DB1-Case 3: 3000
image

Accuracy: 99.33
Recall: 99.33
Precision: 99.34
F-Measure: 99.33

Case 1: 10-fold cross | DB2-Case 1: 980
validation image

Accuracy: 100

Recall: 100

Precision: 100
F-Measure: 100

As given in Table 7, the proposed method produced better results than other studies in automatic fruit and
vegetable classification. Studies carried out in the literature have been tested on different datasets. In many studies,
the dataset was collected by the authors. In this study, two different datasets shared as open access were used. The
developed model is easy to implement and has low computational complexity. In addition, the obtained accuracy
value shows the usability of the proposed method. The developed model has been tested with two different
validation techniques and datasets. The results obtained for all cases are over 99%, proving the performance of the
developed model.
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5. Conclusions

This study proposes a new deep feature extraction model for vegetable and fruit classification using vegetable
images. In this paper, the performance of deep feature extraction in classifying vegetable images was investigated.
For this purpose, different deep network architectures have been tested on the dataset. In addition, feature selection
was made with the ReliefF algorithm and the selected features were classified by the LDA method. Two datasets
were used in the study. DB1 contains 21000 images and 15 classes. In addition, DB2 includes 980 images and 20
classes. Three cases were created in the study for DB1 and tests were carried out on these cases. For DB1-Case 1,
which has the largest data, 99.69% accuracy was achieved. When compared with the studies [14] using the same
dataset in the literature, the proposed method has achieved a very high success rate. Another dataset used to verify
the success of the proposed method, DB2, has reached 100% accuracy. The most important advantage of the
proposed method is that it is simple, applicable and fast. In this study, deep features are obtained by using pre-
trained networks instead of end-to-end training of deep network architecture. In addition to this approach, feature
selection and classification methods, which are well known and frequently used in the literature, are used.
Considering all these methods, the proposed approach in this study has very low computational complexity. In
order for the proposed method to be used in real time, it should be tested on datasets with larger size and higher
number of classes. This situation constitutes the limitation of the study.

The results show that the proposed method is very successful in automatic vegetable and fruit classification
and produces satisfactory results. With future studies, it is planned to increase the number of classes and to achieve
similar results in higher class numbers.
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Abstract: Electroencephalogram (EEG) is widely used for monitoring electrical activity in the brain. Analyzing EEG signals
by physicians is tiring and time-consuming. Therefore, machine learning techniques can be used to improve detection accuracy.
This study created a 2-class data set consisting of 35 channels, 10575x15 seconds of normal and 11240x15 seconds of abnormal
EEG signals. This data set was obtained by examining the EEG signals of the patients who applied to Malatya Turgut Ozal
University Malatya Research and Training Hospital in 2021. In the study, a statistical feature extraction-based model is
proposed. After the feature vector reduction was performed using the neighboring component analysis to the proposed model,
the classification was made using the support vector machines. The highest accuracy out of 35 channels was obtained in the
P402 channel. Accuracy, sensitivity, specificity, precision and f-score for the P402 channel were 81.3%, 78.9%, 83.7%, 82.0%
and 80.4%, respectively.

Key words: Electroencephalography signals classification, SVM, Machine Learning.

EEG anormallik tespiti icin yeni bir veri seti: MTOUH

Oz: Elektroensefalogram (EEG), beyindeki elektriksel aktivitenin izlenmesi icin yaygin olarak kullanilmaktadir. EEG
sinyallerinin hekimler tarafindan incelenmesi yorucu ve zaman alicidir. Bu nedenle, algilama dogrulugunu artirmak igin
makine dgrenme teknikleri kullanilabilir. Bu ¢alismada 35 kanal, 10575x15 saniye normal ve 11240x15 saniye anormal EEG
sinyalinden olusan 2 siifl1 veri seti olusturulmustur. Bu veri seti Turgut Ozal Universitesi Malatya Egitim Arastirma Hastanesi’
ne 2021 yilinda bagvuran hastalarin EEG sinyalleri incelenerek elde edilmistir. Caligmada istatistiksel 6zellik ¢ikarimi tabanli
bir model 6nerilmistir. Onerilen modele komsu bilesen analizi kullanilarak 6znitelik vektorii indirgemesi yapildiktan sonra
destek vektdor makineleri kullanilarak simiflandirma yapilmistir. 35 kanaldan en yiiksek dogruluk P402 kanalinda elde
edilmistir. P402 kanal1 i¢in dogruluk, duyarlilik, 6zgiilliik, kesinlik ve f-skoru sirasiyla %81.3,%78.9, %83.7, %82.0 ve %80.4
olarak elde edilmistir.

Anahtar kelimeler: Elektroensefalografi sinyal siiflandirmasi, DVM, Makine Ogrenmesi.
1. Introduction

Electroencephalography (EEG) is the process of recording the brain's electrical activity through electrodes
placed on the scalp [1]. The German neuropsychiatrist Hans Berger used the term EEG and performed the first
human EEG recording [2]. EEG has been utilized in the diagnosis and differential diagnosis of various neurological
illnesses since the turn of the twentieth century. It has been used to diagnose epilepsy, non-epileptic psychogenic
seizures, hypoxia, and intracranial space-occupying lesions [3]. Postsynaptic electrical potentials of pyramidal
neurons in the cortex play a role in the formation of EEG activity. Five different brain waves have been defined
according to their frequency ranges. Delta rhythm is 0.5-3.5 Hz, theta rhythm is 4-7.5 Hz, the alpha rhythm is 8-
14 Hz, the beta rhythm is 15-30 Hz, gamma rhythm is 30-48 Hz. In a healthy person, the dominant rhythm is alpha
in the parietooccipital regions with eyes closed and at rest. Beta rhythm is observed while awake and eyes open.
Theta is the dominant rhythm in shallow sleep and delta in deep sleep and anesthesia [4]. The electrodes are
attached to the scalp during EEG recording according to the 10-20 system accepted by the international federation.
Recordings can be performed with unipolar or bipolar montage. The most commonly used is the bipolar mount.
In this technique, electrodes are attached to the right and left prefrontal (Fp), frontal (F), central (C), temporal (T),
parietal (P), occipital (O), auricular (A) regions. Odd-numbered electrodes indicate the left hemisphere, and even-
numbered electrodes indicate right hemisphere localizations [5]. There are many clinical and engineering studies
on the use of EEG signals to detect neurological diseases. Some studies on EEG signals in the literature are
presented below.
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Zhao et al. [6] classified the EEG signals using the 1D CNN deep learning structure. The accuracy rates obtained
in their study were 99.52% in the two-class classification problem, 98.06% in the three-class EEG classification
problem, and 93.55% in the five-class classification problem, respectively. Khan et al. [7] classified the features
selected by correlation-based Q-score using an LSTM-based deep learning model after extracting the features of
the EEG signal using HVD (Hilbert Vibration Decomposition). Their studies were conducted with two different
data sets. An accuracy of 96.00% was achieved for the Bonn dataset and 83.30% for the Sensor Networks Research
Lab data. Wang et al. [8] performed feature extraction from EEG signals using EMD and DWT (Discrete Wavelet
Transform) methods. Their study obtained 92.07% accuracy, 91.13% sensitivity, and 92.96% specificity for the
Bonn data set. Rashid et al. [9] obtained accuracy values (99.21%, 93.19%, 93.57%, and 90.32%) for CI
Competition 11, IVA, and BCI Competition IV datasets, respectively, using the KNN technique. Kumar et al. [10]
transformed the real value mode into an analytical signal with frequency spectrum by VMD (Variable Mode
Decomposition) method. Then, semantic feature extraction was applied to generate the features. A Random Forest
classifier was used in the study, and a success rate of 94.1% was achieved. Sheoran et al. [11] obtained scalogram
images by transitioning EEG signals from the time domain to frequency domain with CWT (Continuous Wavelet
Transform). Feature extraction was performed by calculating the potential feature values of the instantaneous
frequency components, LBP (Local Binary Patterns), and HOG (Oriented Gradient Histograms) from the obtained
scalogram images. They obtained an accuracy value of 99.08% with the SVM classifier. Bera et al. [12] achieved
a success rate of 98% for binary class and 84% for multiclass classification with the error correction exit codes
(ECOC) approach using the BCI Competition-1V dataset. Ha et al [13] firstly, the motor image EEG signals in the
BCI Competition-1V dataset were converted into 2D images using the short-term Fourier transform (STFT)
algorithm. The converted signals were then used for training and testing the capsule network. In this study, 78.44%
accuracy was obtained.

2. Material and Method

2.1. Dataset

Ethical approval of the study was given by the Malatya Turgut Ozal University Medical Faculty Ethics
Committee (2022/01), following the principles of the Declaration of Helsinki. Awake EEG images of patients over
18 who applied to the electroneurophysiology laboratory were scanned retrospectively. EEG recordings were made
in the awake state with bipolar mounting according to the 10-20 system accepted by the International Federation.
In this technique, electrodes are attached to the right and left prefrontal (Fp), frontal (F), central (C), temporal (T),
parietal (P), occipital (O), auricular (A) regions. Electrodes indicated with odd numbers indicate their localizations
in the left hemisphere, and even numbers indicate their localizations in the right hemisphere. EEG signal recordings
of the patients were recorded in 500Hz EDF format. These signals were labeled as normal and abnormal after
being reconstructed as 15-second data packets with the help of the Matlab program for 35 channels. Patients under
18, patients who had sleep EEG recordings, and those with intense artifacts were excluded from the study. Patient
information and details are given in Table 1.

Table 1. Dataset information

Classes | Male |Female | Age Number of Channels | Number of Data Packs
Normal 20 24 [32.4+11.28 35 10575x15sec
Abnormal | 113 | 127 | 38.4+18.8 35 11240x15sec

Furthermore, this database was published publicly and the users/researcher can download this database from
https://www.kaggle.com/buraktaci/mtouh (accessed on 3 March 2022).

2.2. Method

In this work, a statistical feature extraction-based model has been presented. The presented model has been
applied to the Collected EEG signal dataset. This model contains three primary phases: statistical feature
extraction, feature vector reduction using neighborhood component analysis, and classification with support vector
machine classifier. To better explain the presented model, a graph of this model is given in Figure 1.
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Figure 1. Graph of the presented EEG signal classification model using a statistical model.

The steps of the presented model are given below.
Step 0: Read each EEG signal from the dataset.
Step 1: Apply multilevel DWT to EEG signal to generate subbands.

[low?, high'] = DWT(signal,’ sym4") @)
[low'*, hight*1] = DWT(lowt, sym4’),t € {1,2,...,8} 2)
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w?h=1 = low" h € {1,2,...,9} ®3)
w2h = highh (4)

Herein, low and high denote low-pass and high-pass filter subbands of the DWT (DWT(.,.)), w contains wavelet
subbands. We generated 18 wavelet subbands using multilevel DWT, and both low and high subbands have been
utilized to extract features in this work.

Step 2: Generated statistical features from EEG signal and wavelet subbands (w) to create a feature vector.

ft=sfg(signal) ®)
ft=sfgw'h),te€{23,..,19} (6)

Herein, f are generated feature vectors, and the length of each feature vector is 12. To extract statistical features,
maximum, minimum, average, median, mode, standard deviation, information entropy, root mean square error,
range, mean absolute deviation, variance, skewness, and kurtosis moments have been used. By applying these
moments, 12 statistical features have been extracted from each generated one-dimensional signal. Briefly, sfg(.)
extracts 12 features from a signal. In this step, 19 feature vectors have been generated.

Step 3: Merge the extracted feature vectors to obtain the final feature vector.

fo(i+12x(G—1)=fI@@),ie€{12..,12},j € {12,..,19} (7)

Herein, fv is a feature vector with a length of 228 (=12x19).

Step 3: Normalize fv applying minimum-maximum normalization.

Step 4: Choose the most informative/distinctive 60 features employing NCA [14] feature selection model. NCA is
the feature selection version of the k nearest neighbors (kNN) [15] method and uses distances to assign weights to
each feature. We have selected 60 of 228 features.

Step 5: Classify the chosen feature using the Fine Gaussian Support Vector Machine (FG-SVM) [16] [17] classifier
with an 80:20 split ratio.

3. Performance Analysis
3.1. Experimental setup and Results

All coding in this study was carried out with a simulation program called Matlab, which is based on the

Windows 10 operating system. 80% of the data set used to evaluate the performance of the proposed method is
randomly allocated for training and 20% for testing.
Precision, sensitivity, specificity, F1-score, and accuracy metrics were used to obtain results [18, 19]. These
metrics are generally used in machine learning. Therefore, we considered these metrics to evaluate our proposed
method. The mathematical definition of these performance metrics is given in Equations 8-12. Also, true positive
(TP), true negative (TN), false positive (FP), and false-negative (FN) values are used to calculate these
performance metrics. In the study, classification was made with Fine Gaussian SVM. Classification has been
performed for 35 different channels. The confusion matrices of the first 6 channels with the best results are given
in Figure 1.

A B TP+ TN (8)
CUrAY = TP ¥ TN + FP + FN
o TP 9)
Sensitivity = TP+ FN
e TN (10)
Specificity = TN + FP
TP (1)
Precision =
recision = o5
Precision X Sensitivity (12)

F —score = 2 X —
Precision + Sensitivity
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Table 2. Channel-based results of the proposed method (%)

Channel | Accuracy(%6) | Sensitivity(%0) | Specificity(%6) | Precision(%6) | F-Score(%6)
P402 81.3 78.9 83.7 82.0 80.4
C3P3 81.1 74.7 87.1 84.5 79.3
P301 80.9 78.3 83.3 81.5 79.9
C4P4 80.3 76.6 83.8 81.7 79.1
F3C3 79.7 73.1 85.8 82.9 7.7
F4C4 79.4 76.6 82.1 80.1 78.3
P3Al 79.3 75.9 82.4 80.2 78.0
C4A2 78.8 75.0 82.3 79.9 77.4
T6A2 78.7 70.5 86.4 83.0 76.3
T4T6 78.4 70.7 85.8 82.6 76.2
F7Al 78.2 75.2 81.0 78.8 77.0
F8T4 78.1 71.8 84.0 80.9 76.1
F3Al 78.1 73.8 82.2 79.6 76.5
T3T5 78.0 71.8 83.9 80.8 76.0
T602 77.6 70.2 84.5 81.0 75.2
C3A1 77.5 73.2 81.5 78.9 75.9
02A2 77.1 70.9 82.8 79.5 75.0
F4A2 76.8 74.0 79.4 77.1 75.5
P1F3 76.6 70.5 82.2 78.9 74.5
O1A1 76.4 72.4 80.1 77.4 74.8
P4A2 76.4 72.2 80.2 77.5 74.8
T501 76.1 72.8 79.3 76.8 74.7
P1F7 75.8 71.4 80.0 77.0 74.1
P1Al 75.6 67.8 82.9 78.9 72.9
T4A2 75.5 66.1 84.3 79.9 72.4
F7Al 755 68.1 82.4 78.4 72.9
CzAl 75.2 65.6 84.3 79.7 72.0
T5A1 75.1 67.5 82.3 78.2 72.5
P2F4 75.0 66.1 83.3 78.8 71.9
P2F8 75.0 66.1 83.3 78.8 71.9
PZA2 74.9 74.6 75.3 73.9 74.2
P2A2 74.9 66.8 82.5 78.2 72.1
F8A2 74.7 66.0 82.8 78.3 71.6
T3Al 74.4 68.6 79.9 76.2 72.2
FZA2 74.2 67.4 80.6 76.6 71.7

The highest results for accuracy sensitivity and F-Score, with 78.9% and 80.4%, respectively, were obtained
at the P402 channel. The highest results for specificity and precision, 87.1% and 84.5%, respectively, were
obtained in the C3P3 channel. Lowest accuracy at 74.2% at FZA2 channel, lowest sensitivity at 66.0% at F8BA2
channel, lowest specificity at 79.3% at T501 channel, lowest precision at 73.9% at PZA2 channel, and lowest F-
score(%) at FZA2 channel at 71.7% has been obtained.
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Figure 2. Confusion matrices of 6 channels.

Performance metrics are calculated using these confusion matrices. The performance ratios calculated for 35

channels are tabulated in Table 2.

4, Conclusions

In this study, a feature selection-based decision support system was proposed to detect abnormal EEG signals.

In the study, feature extraction was performed for each channel difference of the EEG. The highest classification
accuracy was obtained with the P40O2 channel. In the process, it is aimed to increase the classification performance
and accuracy and reduce the cost. It is expected that the study will help physicians in diagnosis.

The primary purpose of this article is to classify abnormal EEG signals in the newly created data set. In future

studies, the number of data and classes in the dataset will be increased.
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Abstract: The demonstration that the nonlinearity criterion of substitution box (s-box) structures based on the random selection
principle can be improved through post-processing techniques has created a new research area. The necessity of obtaining sbox
structures that can be given as input to these post-processing algorithms has emerged. In this study, a study was carried out on
how to obtain sbox structures based on solar panel data. The cryptological properties of the obtained sbox structures were tested
using five basic evaluation metrics and compared with similar studies in the literature. The successful results indicated that
these outputs may have various practical applications in the future.

Key words: Substitution box, block cipher, chaos, random selection.

Giines Paneli Verilerine Dayah ikame Kutusu Yapisi

Oz: Rasgele segim prensibine dayali ikame kutusu yapilarmim dogrusal olmama 6lgiitiiniin son islem teknikleri araciligi ile
tyilestirilebileceginin gosterilmesi yeni bir arastirma alan1 dogurmustur. Bu son islem algoritmalarina giris olarak verilebilecek
ikame kutusu yapilarinin elde edilmesi gerekliligi ortaya ¢ikmustir. Bu calismada giines paneli verileri temel alinarak ikame
kutusu yapilarinin nasil elde edilebilecegine iliskin bir ¢alisma gerceklestirilmistir. Elde edilen ikame kutusu yapilarinin
kriptolojik ozellikleri bes temel degerlendirme metrigi kullanilarak test edilmis ve literatiirdeki benzer calismalar ile
kiyaslanmistir. Elde edilen basarili sonuglar bu ¢iktilarin ileride ¢esitli pratik uygulamalara sahip olabilecegine isaret etmistir.

Anahtar kelimeler: Ikame kutusu, blok sifreleme, kaos, rastgele segim.
1. Introduction

In the last two decades, chaos-based encryption has been one of the most striking topics among the practical
applications of chaotic systems. There are thousands of studies in the literature. However, when these studies are
examined, two main categories come to the fore. The studies in the first category propose new encryption protocols
that use the rich randomness dynamics of chaotic systems, while the studies in the second category analyze the
security weaknesses of the proposals in this first category [1]. These two opposite situations cause many
researchers to approach chaos-based cryptology with suspicion. Recently, in order to address these problems,
researchers have carried out various studies to improve the cryptographic characteristics of chaotic systems with
the help of optimization algorithms, to transform the outputs obtained by physical unclonable functions and various
post-processing techniques into practical applications in cryptography [2]. These studies have been shown that
cryptographically more successful designs can be obtained using post-processing algorithms [3].

A remarkable study among these post-processing algorithms aims to improve the nonlinearity value of
substitution-box (s-box) structures [4, 5] as much as possible. The design logic of the post-processing algorithm is
based on the principle of obtaining a new s-box table by swapping two selected cell values each time. If the
nonlinearity value of the new s-box whose cell positions are changed is higher than the nonlinearity value of the
previous s-box, the new s-box structure is used in the next step. Otherwise, two different cells are selected and
their values are changed. In optimization algorithms, nature is generally imitated in the selection process. In the
proposed post-processing algorithm, cells are selected sequentially. This selection logic makes the process much
easier than optimization algorithms. Since the proposed algorithm is based on the principle of applying a post-
processing technique to a random selection-based s-box structure with low nonlinearity value, instead of focusing
on complex optimization processes, it both improves the nonlinearity value and gives fast results [3]. After the
successful results of the post-processing technique, a new field of study has emerged. S-box datasets with average
nonlinearity value produced according to the random selection principle to be given as input to the post-processing

* Corresponding author: esingoger@gmail.com. ORCID Number of authors: ' 0000-0001-5951-2762, 20000-0001-6798-1868,
0000-0001-7995-3901, # 0000-0003-1292-8490
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algorithm are needed. This study aims to produce a dataset that can serve this purpose. Original aspect of the study
is that a photovoltaic (PV) solar panel energy generation data is used as the randomness source.

2. Random Selection Based S-box Generator Program

There are many studies published based on the random selection principle. Ref. [6] study can be examined for
the basic design approaches used in the literature and the metrics that are the evaluation criteria in these studies.
Since the aim of this study is to generate s-box structures with nonlinearity values close to the mean (103-106), a
program was used. This program uses chaotic systems as entropy sources. In this study, PV data is taken as the
basis as the entropy source. In Figure 1, various visuals of the interfaces of this program are presented. The program
has a simple use. In addition to a promotional video.

o mnaan A - = ey
¥ Sbox Analyzer ) - S
file Help About *? Res
it
i s |
|
Nonknearsty Stnct Avelanche Crtenon
Minimum Vahse
17 Sbox Based on Discrete Time Chaotic System S ek
Meomum Ve Meaamum Velue
Chaotc System
Logstic Mop @ Circle Map Sine Map Average Vo Average Value
” Yotnd
[Generat ]~ Save Detad Dets
2 Bit Independence Cntenon Input'Output XOR Distribution
BIC-SA Minimum Value
BIC-Nonknearty Maomum Value
Detod Detod
242 43 254 152 124 70 189 (195 92 144 12 244 63 9 203 | PRINT SAVE
2 2501 1681 118 4 a S £ 13118 54 110 -t

(b)
Figure 1. Screenshots for the s-box generator and analysis parts of the program

The link in Ref. [7], there is a dataset that has been shared publicly. A cryptographic protocol will be developed
based on the file named "EXPORT TenMinData - Substation Voltages". The suitability of the data we examined
as an entropy source will be analyzed in this study. For example, aim of study is that to generate the s-box using
the "Substation VA Filtered" data in the 11th column of the file. S-box is a transform table that replaces the
original data with encrypted data that the attacker cannot understand. If the data has a high entropy, a strong
transformation table will be obtained. In other words, we will use the data itself to encrypt the data. In this way,
we will be able to address the problems related to General Data Protection Regulation (GDPR). Only the person
or persons with the original data will be able to open the encrypted data. The general view of file is shown in
Figure 2.

EXPORT TenMinData - Substation Voltages

1 lon datetime t_date ttime dy dm dd dw th tm tion_VA_Filtered ion_VB_Filtered tion_VC_Filtered ion_thdVA_Filtered ion_thdVB_Filte
2 in Close | 2014-06-10 02:10:00 2014-06-10 | 02:10:00 2014 6 10 2 2| 10 245.976 247.926 247.344 3.511 3.
3 in Close | 2014-06-10 02:20:00 2014-06-10 | 02:20:00 2014 6 10 2 2| 20 246.162 248.012 247.536 3.397 3.
4 in Close | 2014-06-10 02:30:00 2014-06-10 02:30:00 2014 6 10 2 2 30 246.120 247.995 247.391 3.354 3.
5 in Close | 2014-06-10 02:40:00 2014-06-10  02:40:00 2014 6 10 2 2 40 245.911 247.778 247115 3.323 3.
6 in Close | 2014-06-10 02:50:00 2014-06-10 | 02:50:00 2014 6 10 2 2 50 246.085 248.020 247.427 3.380 3.
7 in Close | 2014-06-10 03:00:00 2014-06-10 | 03:00:00 2014 6 10 2 3 0 246.015 247.916 247.450 3.327 3.
8 in Close | 2014-06-10 03:10:00  2014-06-10 | 03:10:00 2014 6 10 2 3| 10 246.256 248197 247.636 3.302 2.
9 in Close | 2014-06-10 03:20:00 2014-06-10 | 03:20:00 2014 6 10 2 3| 20 246.098 247.881 247.575 3.424 3.
10 nClose | 2014-06-10 03:30:00 2014-06-10 | 03:30:00 2014 6 10 2 3| 30 246.674 248.663 248.458 3.237 2.
1 in Close | 2014-06-10 03:40:00 2014-06-10 | 03:40:00 2014 6 10 2 3| 40 246.644 248.460 248.405 3.374 3.
12 nClose | 2014-06-10 03:50:00 2014-06-10 | 03:50:00 2014 6 10 2 3 50 246.418 248.282 247.961 3.469 3.
13 nClose | 2014-06-10 04:00:00  2014-06-10 | 04:00:00 2014 6 10 2 4 0 246.392 248.366 248.132 3.427 3.
14 nClose | 2014-06-10 04:10:00  2014-06-10 | 04:10:00 2014 6 10 2 4 10 245.883 247.718 247.659 3.295 2.

Figure 2. The general view of “Substation VA Filtered” file
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3. Generated S-box Structure

A simple mod operation is used to generate sbox structures from the dataset. Since the mod function is a one-
way function, it will have several advantages in the process of hashing the data. The 11th column of the dataset is
named Substation VA Filtered. The last three digits of the data in this column are used. To produce a 16x16 s-
box, values are mapped between 0 and 255 by applying mod 256 to the last three digits. For example, the last three
digits of the first value of this column have the value 975. Since 976%256=208, this value is assigned to the first
cell of the s-box structure. This process is continued by selecting a new value until the entire table is full, and the
data producing the same values are ignored. In this way, the bijective feature, which is the most basic requirement
for s-box structures, is guaranteed [8, 9]. The first s-box structure obtained from the dataset and the output of the
analysis program are shown in Figure 3.

! X .
v Elle (e [13e (s [1e (25 [o7 10 [129 [1e0 [13¢ [1n1 [a9 [2s [ar 9 Results fo-E-

182 |66 194|110 (144 |220 (40 (33 |52 192 (138 |42 123|184 (206 |176

Nonlinearity Strict Avalanche Criterion

181 (209 (89 (136 (169 [131 (205 (210 [163 (213 |25 (113 [197 (212 |74 |54

Minimum Value 102 Minimum Value
44 (118 [17 |14 |149 (3 |29 |51 |6 (175 [164 [10 |41 |18 |245 |9
e (102 (187 |8 12 |27 [147 [ss [196 [m |23 [127 |57 [22¢ |29 [1e2 S S | 108 e Nate | (L6562
us (107 124 101 |23 [126 |46 |71 |5 |03 |m |e4 (&7 |77 |as2 |2es Pwverage Value | 104.75 frerege Vac
248 (98 (154 (9% (94 (152 [104 [191 |81 [157 |15 |19 |35 [121 |208 |235 Detail Detail
172 |12 (214 [128 (133 [137 [135 (16 (132 |15 (36 (222 (92 (216 |174 |22
26 |141 (239 (11 (34 |60 [199 [122 (38 |70 (252 [189 (93 (195 (249 186 Bit Independence Criterion Input/Output XOR Distribution
105 (32 (43 |58 (241 (193 [153 (171 (116 [165 [190 [148 (231 (140 (55 [178 BIC-SAC 04987 Minimum Value
146 (45 |23 |16 (226 (53 (76 (0 (24 (30 (183 (50 (200 (100 |49 [130 BIC-Nonlinearty 103 Maximum Value |12
20 |7 |28 [188 (%0 (227 (48 (73 [185 |62 (91 (95 [167 [151 [143 |63
168 (37 179 (142 |22 (158 (207 (117 |67 |85 |15 (33 (87 |75 (237 [177 T o
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109 |243 |21 170 |250 (202 (211 (225 |4 246 (230 (156 (28 3 251 k]

Figure 3. Generated s-box and analysis results

The other four generally accepted properties for s-box structures are the strict avalanche criterion, independence
of input and output bits, nonlinearity, and XOR distribution table showing resistance to differential attacks,
respectively. For more details on these criteria and their mathematical expression, see Ref. [4, 5, 8] can be
examined. More detailed reports can be generated for these four evaluation criteria using the analysis program.
The general view of the detailed analysis report for the s-box structure produced in Figure 3 is given in Figure 4.

‘SBOX ANALYSIS RESULTS

Nonlinearity Values
102 106 104 106 108 102 102 108
Strict Avalanche Values

0,4531 0,4688 0,4531 0,5156 0,5781 0,5625 0,5  0,5156
0,5312 0,5156 0,4688 0,4688 0,5156 0,4844 0,4844 0,4531

0,5469 0,3906 0,4531 0,5469 0,5312 0,4844 0,4219 0,4844 BIC SAC Values

05 0578105 0484405 0578105156 0,4688 0 0,4844 0,5293 0,4902 0,498 0,4863 0,4961 0,459
03544 0,656 0,454 08004 05 05315 04658 05156 048440 0498 0,5039 0,4746 0,5098 0,4922 0,5
0,4375 0,4688 0,4688 0,5  0,53120,3906 0,5  0,4844 0,5293 0,498 0 0,5352 0,5 0,4824 0,5156 0,5273
046880546905 048440531205  0,5156 0,484 0,4902 0,5039 0,5352 0 0,4922 0,5039 0,4922 0,5039

0,498 0,4746 0,5 0,4922 0 0,5254 0,498 0,4688

gpuf/OtlﬁlmefJ‘F:]Dislriguﬁon Table 0,4863 0,5098 0,4824 0,5039 0,5254 0 0,5234 0,5039

L L 0,4961 0,4922 0,5156 0,4922 0,498 0,5234 0 0,4688

6 8 6 6 6 8 8 6 6 6 1 & 6 & 6 6 0,459 0,5  0,5273 0,5039 0,4688 0,5039 0,4688 0

6 6 8 6 6 8 6 10 6 6 6 8 6 6 6 8

8 8 8 8 6 6 6 8 10 8 8 6 6 8 8 6 BIC Nonlinearity Values

& 5 6 86 6 6 s voe v oo 0 102 102 106 106 102 104 100
102 0 106 104 104 106 102 108

6 & 6 & 6 6 6 8 & 6 6 6 6 6 8 8 102 106 0 94 98 104 100 102

6 6 6 8 6 8 6 6 6 6 6 6 6 6 8 6 106 104 94 0 100 98 102 106
106 104 98 100 0 106 102 104

L 102 106 104 98 106 O 106 108

8 6 8 4 6 8 B 8 3 & @ @& 8 6 6 3 104 102 100 102 102 106 O 102

N 100 108 102 106 104 108 102 O

8 6 12 6 8 10 6 8 8 6 6 6 6 8 8 6

6 6 4 8 8 6 6 6 8 8 6 6 6 8 8 6

6 6 6 8 8 6 8 6 8 6 8 6 6 6 6 8

8 6 6 6 8 6 8 6 8 8 6 10 6 6 6 6

8 6 8 6 8 6 6 6 8 8 8 8 6 8 6 6

8 6 8 6 8 6 8 6 8 6 8 6 6 6 8 0

Figure 4. The general view of the detailed analysis report
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Acceptable values for other analysis metrics shown in Figure 4 are summarized below.
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A value of 0.5 is accepted as the ideal value for the strict avalanche criterion (SAC).

For nonlinearity measurement, the value 112 is the highest value that can be reached.
The BIC (independence of input and output bits) value is reconsidering the input-output relationship
for the SAC and nonlinearity criteria.
In the XOR distribution table, the highest value among the calculated values is desired to be as small

as possible.

4. Performance Comparisons

Performance comparisons of s-box structure in Figure 3 with some studies previously published in the
literature are given in Table 1. When compared to chaos-based s-box structures, two criteria come to the fore. these
are nonlinearity and XOR distributions. The other two criteria are very close to acceptable values. It is an advantage
that it has a higher nonlinearity value compared to many studies and is smaller in XOR value than many other

structures.
Table 1. Performance comparisons
Sobox Strict Avalanche Criterion Nonlinearity (NL) I\Iﬁ‘)";“gg B'tCI:i‘::fi‘:;de““
avg max min min max avg SAC NL
Ref. [10] 0.5022 0.5781 0.4063 100 110 105.5 32 0.4983 107
Ref. [11] 0.4926 0.5937 0.4062 98 110 105.5 32 0.4994 105.7
Ref. [12] 0.5010 0.6094 0.4063 102 110 105.5 12 0.4988 104.3
Ref. [13] 0.5056 0.5781 0.4375 102 108 1053 10 0.4971 104
Ref. [14] 0.5059 0.5781 0.4063 102 108 105.2 12 0.5013 104.3
Ref. [15] 0.4987 0.5469 0.4531 104 108 105.25 10 0.4990 102.6
Ref. [16] 0.5037 0.5625 0.4375 102 108 105.25 10 0.4994 102.6
Ref. [17] 0.5073 0.6094 0.4062 98 108 105.25 10 0.4986 103,86
Ref. [18] 0.5012 0.5938 0.4063 104 106 105 10 0.4994 103.4
Ref. [19] 0.5046 0.6093 0.4750 102 106 105 10 0.5004 103.6
Ref. [20] 0.4990 0.5850 0.4290 100 107 104.8 12 0.4890 104.7
Proposed 0.5027 0.6562 0.3906 102 108 104.7 12 0.4987 103
Ref. [21] 0.4037 0.5938 0.3906 100 108 104.7 32 0.4965 105
Ref. [22] 0.5056 0.5937 0.3906 102 108 104.7 12 0.5021 104.1
Ref. [23] 0.4978 0.6093 0.4218 100 108 104.75 12 0.5009 103,6
Ref. [24] 0.4982 0.5781 0.4218 100 108 104.7 10 0.4942 103.1
Ref. [25] 0.5034 0.5938 0.3906 102 108 104.7 10 0.4972 103.3
Ref. [26] 0.498 0.6406 0.4219 102 108 104.5 12 0.5013 104.6
Ref. [27] 0.4980 0.6093 0.3750 102 106 104 10 0.4971 103.2
Ref. [28] 0.5026 0.5781 0.3906 100 106 104 10 0.5033 103.2
Ref. [29] 0.5 - - - - 104 10 0.498 102.8
Ref. [30] 0.4954 0.6094 0.2813 98 108 104 12 0.4967 102
Ref. [31] 0.4946 0.6250 0.3750 100 106 104 10 0.4990 102.5
Ref. [32] 0.5018 0.5175 0.4825 102 106 104 10 0.5019 103.5
Ref. [33] 0.5039 0.6093 0.4218 98 108 104 12 0.5078 104
Ref. [34] 0.5058 0.5781 0.3906 101 108 103.8 14 0.4958 102.6
Ref. [35] 0.5036 0.6328 0.4140 101 106 103.8 10 0.5037 103.4
Ref. [36] 0.4987 0.6015 0.4140 99 106 103.3 10 0.4995 103.3
Ref. [37] 0.5058 0.625 0.4062 99 106 103.3 12 0.5037 103.6
Ref. [38] 0.5058 0.5975 0.3671 98 108 103.2 12 0.5031 104.2
Ref. [39] 0.5048 0.5937 0.4218 100 106 103.2 10 0.5009 103.7
Ref. [40] 0.5039 0.625 0.3906 96 106 103 12 0.5010 100.3
Ref. [41] 0.5 0.6093 0.4218 100 106 103 14 0.5024 103.1
Ref. [42] 0.5012 0.5937 0.4062 98 108 103 12 0.4988 104.1
Ref. [43] 0.5178 0.6719 0.3906 96 106 102.5 54 0.4026 102.5
Ref. [44] 0.4836 0.6016 0.3281 98 108 102.3 14 0.4992 100
Ref. [45] 0.5059 0.6094 0.4219 96 108 102.25 16 0.5050 103.5
Ref. [46] - - - - - 102 8 - -
Ref. [47] 0.4812 0.625 0.125 84 106 100 16 0.4962 101.9
Ref. [48] 0.4812 0.625 0.125 84 106 100 16 0.4962 101.9
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5. Conclusions

S-box structures are a critical component in the design of cryptological algorithms. Therefore, new s-box designs
should be researched in order to address developing and diversifying attack scenarios and to best meet user
requirements (speed, low memory requirement, simplicity and ease of use). It is known that chaotic s-box
structures have advantages against algebraic and application attacks. However, the low nonlinearity value of these
designs is a problem. Recently, several studies using post-processing algorithms have attempted to address this
problem. The simple structure, fast results and easy implementation of the techniques based on post-processing
method provide a great advantage especially against optimization-based designs [3, 49]. The post-processing
method has been shown to improve the nonlinearity value of an s-box structure with a nonlinearity value of 106.75
to 110 at the end of 12*255%*255 processing steps in the worst-case scenario. The success of the proposed method
becomes more evident when compared to a solution proposal that can be found with optimization algorithms within
a wide search space with a wide range of possibilities.

Initial s-box structure populations are needed to increase the variety of s-box numbers with the proposed post-
processing techniques. In this study, it has been investigated whether solar panel data can be used as an entropy
source in order to meet this need. This dataset contains voltage, current, power, energy, and weather data from
low-voltage substations and domestic premises with high uptake of solar photovoltaic (PV) embedded generation.
Data collected as part of the project run by UK Power Networks. The results obtained on a sample dataset
supported the proposed hypothesis. In the future, it is planned to analyze these results in more detail and to analyze
their success in practical applications.
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